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ABSTRACT 
Erbium, a rare earth element, has been shown to exhibit characteristic 
luminescence at 1.54J.lm due to its internal 4f transition from the first excited state 
(411312) to the ground state (411512). As this emission wavelength falls inside the maximum 
transmission window of silicon based optical fibers, erbium doped silicon might lead to 
the opportunity of silicon based optoelectronics. The introduction of erbium in silicon 
allows excitation through electron-hole recombination and subsequent radiative 
emission from the rare earth centers. 
The works reported here describe the structural, electrical and optical properties of 
crystalline silicon codoped with erbium and boron by ion implantation technique. Four 
sets of samples, co-implanted with erbium and boron at different Er dose, implantation 
energy and at different conditions, were prepared. Post-implantation annealing has been 
performed to recover the implantation damage to an acceptable value and to activate the 
dopant atoms optically and electrically. 
PL and EL measurements have been performed in the temperature range between 
80K to room temperature. The sample with the lowest erbium concentration and energy 
gives the best PL and EL results. The observed emission peaks in both PL and EL 
measurements were at around 1.129J.lm, .-...1.303J.lm, 1.50J.lm and 1.597J.lm at 80K. At 
higher temperatures, a broader peak at around 1.50J.lm with long tail towards the both 
end of wavelength has been observed. The peak at 1.129J.lm corresponding to the Si 
band edge emission, the reason for the peaks at around 1.303J.lm has not been identified 
while the remaining two peaks correspond the Er3+ emission. Virtually no temperature 
quenching of Er luminescence is observed in some samples rather room temperature 
intensity is higher than that at 80K. The improvement of the temperature quenching 
effect on Er luminescence at room temperature has been attained in our results, which is 
significant improvement in comparison to the result found in the literature. 
The structural properties were studied by TEM in both cross-sectional and plan 
view configurations. TEM analyses showed dislocation loops and other defects of 
random size and distribution from the surface to 600nm below the surface. Er 
precipitates defects were also seen in the sample doped with Er comparatively at higher 
dose (lxl 015Er/cm2) and energy (1.0 MeV). No detectable room temperature PL and EL 
signals were observed from the sample implanted at higher doses and energies. 
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Chapter One- Introduction 
INTRODUCTION 
1.1 Introduction 
Silicon is the heart and leading setniconductor in the tnicroelectronics industry. 
Its do1ninance over other setniconductor tnaterials is due to its superior 111aterial and 
processing prope1ties and to the tremendous base of technology that developed around 
it. Most of the 1nicroelectronics devices that influence our everyday life are based on 
silicon. If optical components in Si could be developed within the single silicon chip, it 
would have extended the mature silicon technology fr01n tnicroelectronics to 
optoelectronics. The ilnportance of integrating electrical and optical devices fabricated 
in silicon has long been recognized. Several optical functions such as, wave guiding, 
tnodulation, detection and optical switching incorporating silicon have already been 
elaborated [ 1]. 
Unfortunately silicon is not an efficient light e1nitter due to its indirect band 
gap structure which means that direct, radiative, band to band transitions are 
forbidden by k-selection rules. This also leads to a relatively long canier lifetime 
con1pared to a direct band gap III - V semiconductor. An efficient light emitter in 
silicon thus seems to be the only tnissing part towards full optoelectronics functionality 
in silicon. Presently the light en1itting devices are fabricated frotn direct band gap 
co1npound setniconductors such as gallium arsenide and indium phosphide, which have 
n1uch higher optical efficiency than silicon. But the fabrication of these alloys on a 
silicon substrate is difficult, expensive and is associated with n1ore toxic and hazardous 
processing with respect to silicon technology. In spite of the intrinsic limitations, 
considerable efforts have been tnade to obtain efficient light etnission fron1 silicon 
technology for the last two decades. The most significant application of this optical 
etnitter would be for optical interconnections in c01nputer chips. 
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Generation by generation, cmnputer processor power and speed is growing 
exponentially. This increasing growth of processor power and speed require more and 
tnore transistors to be fabricated in the satne area of silicon chip. Whenever device 
speed and chip con1plexity increase, problems related to interconnection become n1ore 
and tnore acute [2]. Currently metal 'wires' are being used to interconnect this large 
number of transistors together. However, the time delay associated with electron 
transport in the tnetallization does not scale. As a result, the IC technology will reach a 
litnit where the con1puter chips will not get faster. A solution to this litnitation could be 
the replacement of sotne of the n1etal interconnection with optical interconnection on 
chip [3]. 
In addition to this, a silicon optical en1itter could be used in high speed data 
transtnission and processing. Optical fiber has been used in long distance 
comtnunication for years. If electronics, optical and optoelectronics cotnponents can be 
integrated on the san1e IC chips and silicon en1its light, the performance of the 
cmnmunication systen1 at both sending and receiving end would be improved and 
becon1e faster and realized at lower cost. 
1.2 Light en1ission in silicon 
The issue of a silicon light source is still at an early stage. Several different 
approaches have been proposed [ 4-27] and compared for light etnission frmn silicon for 
the past two decades and are actively being explored to date to obtain optimum light 
emission from silicon. 
The fo Bowing approaches have been proposed so far to realize silicon as a light 
emitter:-
-dislocation engineering [ 4]; 
- intrinsic and defect lun1inescence [5-7]; 
- isovalent impurities in silicon [8-10]; 
2 
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- SiGe/Si super lattice [11-13]; 
-porous silicon [14-16]; 
-iron disilicide [17-21]; 
- rare earth doping of silicon [22-27]. 
This light source in silicon from all these approaches should preferably be 
operated at wavelength around 1.3 J.lm or I. 5 J.lm, which falls in the absorption minimum 
of optical fiber communication. The silicon band gap energy is much greater than the 
photon energy at this wavelength so that there is no cross-link effect on device 
performance. 
1.3 Erbium luminescence in silicon 
Rare earth doped semiconductors have attained significant attention in recent 
years due to their sharp and temperature stable luminescence. The introduction of the 
rare earth element, erbium, has been demonstrated [22-27] to have potential for efficient 
light emission in silicon. In particular, the erbium impurity in silicon exhibits shatp 
luminescence ｡ｴｾ＠ 1.54J.lm due to its internal 4f -shell transition from the 411312 state to 
the ground state {411s12). This 1.54J,tm luminescence is of great interest in 
telecommunication engineering as loss in optical fiber is minimum at this wavelength. 
A Si:Er light emitting diode (LED) together with other devices could be fabricated on 
the same silicon chip. This LED may find application in silicon based optoelectronics 
circuits. 
1. 4 Thesis outline 
The objective of this project is to develop a silicon-based light emitting diode by 
erbium doping. Silicon luminescence efficiency is very low due to its indirect band gap 
structure. Silicon's importance in the electronics world, its inability to emit efficient 
light, and the need for the development of a fully silicon based optical device has been 
briefly described in chapter one. 
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Different approaches for a Si LED have been described briefly in chapter two. 
This chapter has also reviewed light emission from erbium doped silicon devices found 
in the literature. The band structure of direct and indirect semiconductors has also been 
presented in this chapter. 
Physics of erbium luminescence, activation and deactivation processes of Er in 
silicon, energy transfer mechanisms from silicon to erbium and ion implantation 
induced damage and annealing have been briefly presented in chapter three. 
Chapter four contains the experimental techniques used for fabrication of the 
dislocation engineered Si:Er samples, TEM and PL and EL measurements. Chapter five 
is dealing with experimental results of the prepared samples. Results are discussed in 
chapter six. 
Finally our conclusion on the Si:Er system for use in optical communication 
system and recommendations for future work have been outlined in chapter seven. 
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LITERATURE REVIEW 
2.1 Introduction 
Silicon has become the key element in today's semiconductor world not only for 
its unrivaled material properties but also for enormous research and development 
invested in Si technology. But, unfortunately, direct band to band recombination 
efficiency in Si is very poor for practical usage due to its indirect band gap structure. In 
spite of this serious limitation, there continues to be great deal of interest in finding 
ways to make use of Si in optoelectronics. 
Many research groups have been investigating various alternatives to obtain Si 
as an efficient light emitter during the last few years. They are using and comparing 
different technologies and different mechanisms for light emission. One of the viable 
approaches suggested by Ennen et. al [ 40] is the doping of Si with the rare earth 
element, Er. 
In this chapter, the light emission from Er doped Si is reviewed. The band 
structure of direct and indirect semiconductors and impurity enhanced luminescence 
have also been presented in this chapter. 
2.2 Band structure of semiconductors 
The energy band structure of a crystalline solid is rather complex due to the 
different lattice properties along different lattice directions. The energy band diagram of 
a semiconductor is derived from the relationship between energy and momentum of a 
carrier. Figure 2.1 shows simplified representations of the complex energy band 
diagram of germanium (Ge), silicon (Si) and gallium arsenide (GaAs). 
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In GaAs, the conduction band minimum and the valence band maximum have 
the same k value (k=O). Such a system is a direct band gap semiconductor. On the 
contrary, Si and Ge are indirect band gap semiconductors, where the k value for the 
minimum of the conduction band varies from the maximum of the valence band. 
Energy Band$ 
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Figure 2.1 Energy band diagram of Germanium (Ge), Silicon (Si) and Gallium 
Arsenide (GaAs) [1]. 
In an indirect semiconductor, like Si, an electron at the bottom of the conduction 
band can not recombine directly with a hole at the top of the valence band without 
changing in wave vector (k). These band properties seriously affect the behavior of the 
semiconductor. The probability for the smallest inter band energy transition of an 
electron in Si is only possible, if 1nomentum is conserved. So an appropriate phonon 
must participate in the process in order to conserve momentum. The process involving 
three particles for band to band transition of electron-hole pairs in Si is thus a weal( 
process, which makes Si a poor light emitter. 
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2.3 Intrinsic silicon luminescence 
The investigation of light emission from bulk c-Si started since early 1950 [2] 
despite its limitation due to indirect band gap structure. In 1956, J. R. Haynes and W. C. 
Westphal [3] reported radiation from c-Si at room temperature due to indirect transition 
of electrons from the conduction band minima to the valence band with phonon co-
operation. Street et. al. [4] reported defect-related luminescence from a continuous 
wave, laser annealed Si sample. They attributed this luminescence to three types of 
defects, namely - an oxygen related defect, the divacancy and the vacancy cluster. 
Sauer et. al. [5] reported dislocation related PL lines in plastically deformed Si crystal. 
The PL consists of six lines cotTesponding to Dl(0.812eV), D2(0.875eV), 
D3(0.934eV), D4(1.00eV), D5(0.953eV) and D6(:::::1.0126eV). From TEM micrograph, 
they suggested that dislocations D 1 - D4 are related to relaxed dislocations, D5 is due to 
straight dislocations and D6 to stacking faults. 
Exciton related PL from bulk c-Si was reported by G. Davis [6] and the 
observed PL was thermally quenched for temperature greater than 20I<. He also 
observed EL as inefficient as the PL. The EL is also quenched by an electric field ｅｾ＠
104V/cm due to field induced dissociation of the exciton. 0. King and D.G. Hall [7] also 
reported room temperature band edge PL in Si with a measured external quantum 
efficiency approximately 2.5x10-5. 
In 1995, Kveder et. al. [8] reported dislocation related PL and EL in a heavily 
dislocated Si crystal between the temperatures 2K-300K. The reported luminescence 
spectra consist of four lines, which they labeled Dl(0.812eV), D2(0.875eV), 
D3(0.934eV) and D4(about l.OOeV). A year later in 1996, Einar 6. Sveinbjornsson and 
Jorg Weber [9] reported room temperature EL from forward biased n+-p Si diode 
containing high densities of dislocation ( 108 - 109 /cm2) at the junction interface. 
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From a luminescence study, they suggested that the room temperature EL and 
PL were due to dislocation-related centers Dl and Si band to band transition. The 
external quantum efficiency was reported to be of the order of 10-6 • Si band edge PL 
from Si clusters in Si rich Si oxide at room temperature was reported by L. Tsybeskov 
et. al. [10]. The observed PL was wealdy temperature dependent with photon energy of 
l.leV and external quantum efficiency > 10-3• They also reported EL at room 
temperature. They attributed this EL to Si band edge radiative recombination that 
originated from large Si grains within the SiO matrix. 
2.4 Light emission from silicon based materials 
The probability for the smallest energy transition of an electron is extremely low 
in pure Si due to its indirect band gap structure, which leads to poor radiative efficiency. 
As a result, a large efforts, such as, (i) defect engineering- the addition of isoelectronic 
traps or rare earth elements, and (ii) band structure engineering-SiGe supperlattice or 
alloys, porous silicon, iron disilicide etc., have been made to overcome this limitation in 
light emission from Si. 
2.4.1 Defect engineering 
The radiative efficiency of Si can be enhanced by the introduction of optically 
active centers in Si. Isovalent impurities, impurity complexes or defects induced by 
radiation damage or thermal processes can serve as optically active centers. Mobile 
excited carriers are highly localized at these centers relaxing the momentum constraints. 
Thus momentum can be conserved and the probability for a radiative transition is 
enhanced. (a) isovalent impurities and (b) rare earth elements are most widely used as 
defect centers in Si, which can provide radiative transition. 
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2.4.1.1 Isovalent impurities 
An isovalent impurity has the same outer electronic structure as the host crystal 
atom. But the inner electronic core- structures of these atoms are different. Examples of 
isovalent impurities in Si are carbon, germanium, tin, etc. They are electrically neutral 
in a sense that they do not influence the carrier concentration in the conduction or 
valence band and thus have a weak effect on the material conductivity. Due to 
differences in the inner electronic core - structure than Si, they act as trap levels that are 
used as recombination centers. As these centers are electrically neutral, a high 
concentration of electron - hole pairs can be trapped in these centers. 
In 1979, Mitchard et. al [11] first reported sharp PL lines in the near infrared 
region from an isoelectronic trap of unknown composition. Henry et. al. [12] also 
reported PL from a Si-Be sample with clusters of peaks around 1.08eV. The observed 
PL intensity decreases with increasing temperature above 34K and completely vanishes 
at about 60K. In 1986, T. G. Brown and D. G. Hall [13] observed a PL spectrum with 
one broad peale at 1.32J.tm (up to 170K) and a sharp peak near 1.50p,m (up to 120K) 
from S doped Si. At low temperature, the external quantmn efficiency was reported to 
be 2-5% and the lifetime greater than lms. The decreasing trend of PL intensity and 
lifetime with temperature has been attributed to exciton dissociation and competing 
non-radiative processes at higher temperature. Canham et. al. [14] first demonstrated 
relatively efficient EL using the C complex in Si. Although a large number of traps 
have been identified in Si [15], room temperature luminescence with higher efficiency 
has appeared to be out of reach. As a result, large efforts have been made to investigate 
other approaches for the development of efficient light emission from Si. 
11 
Chapter Two - Literature Review 
2.4.1.2 Rare earth elements 
The rare earth (RE) elements show characteristic luminescence from the intra 4f-
shell transition of RE3+ ions. The columbic interaction and spin - orbit coupling of the 
4f - electron result in different energy levels for the RE3+ ions in Si. The recombination 
energy of electron-hole pairs at the rare earth impurity centers excite the RE atoms to 
their higher energy state, which then release the energy by radiative or non-radiative 
decay to their ground state. TheRE atoms possess partially filled 4f- shells, which are 
shielded by the completely filled external 5s and 5p shells. Due to this shielding they 
display atomically sharp luminescence when incorporated in other materials with a 
wavelength largely independent of surrounding host materials. 
2.4.2 Band structure engineering 
Alloying and quantum confinement effects in low dimensional structures can 
affect semiconductor band structure significantly. Alloying two or more group IV 
elements with Si shifts energy bands and can allow direct transitions. Quantum 
confinement can also increase the probability of the direct band to band transition. The 
development of Si - Ge superlattice and alloys, porous silicon and iron disilicide have 
received much interest for optoelectronic functionality in Si. 
2.4.2.1 Si - Ge alloys and superlattices 
Compositional and strain modulation of Ge and C with Si has produced 
remarkable modification in the electronic band structure of Si. Strain distribution, layer 
thickness ratio and period strongly influence the band structure. As shown in figure 2.2, 
the band gap of the strained layers (Si1.xGex on Si) decreases rapidly as x increases up to 
about 65% Ge, then falling rapidly to the value for pure Ge. Due to heterostructure 
stability limitation, the Sh.xGex layer thickness must be kept below the critical 
12 
Chapter Two - Literature Review 
thickness. ELand PL with increased intensity have been reported in the literature from 
Sh-xGex in both single layer and superlattices at low tetnperature. Alloys of SiGe 
showed a broad and strong ELand PLat 0.85eV at temperatures above 80K [17]. Zachi 
et. al. [18] also reported relatively weak EL and PL emission at 0.85eV at low 
temperature. Mi et. al.[l9] detected room temperature EL with an internal quantum 
efficiency of 0.02%. 
Critical Layer Thickness 
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Figure 2.2 The band gap of strained Si1_xGex on Si at room temperature [16]. 
It has been suggested that zone folding might create a quasi-direct band gap in a 
short period of Si/Ge atomic layer superlattice leading to the possibility of efficient 
radiative recombination [20-21]. The concept of zone folding rests with an increase in 
the coupling of the conduction tninimum at 0.8eV of the zone boundary with the 
valence band maxima at the zone center. Engvall et. al. [22] has observed room 
temperature EL in the region 1.3 - 1.7 t-tm from a strain adjusted Si6Ge4 superlattice. 
Despite EL and PL observations from both SiGe alloys and superlattices, poor 
efficiency at room temperature makes them unsuitable for practical device applications. 
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2.4.2.2 Porous silicon 
Porous silicon's suitability for optoelectronic application became an active area 
of research just after the discovery of bright visible light emission in the red region ( 1.4 
- 2.2eV) at room temperature from p-Si in 1990 [23]. p-Si was first discovered in 1956 
during a study of methods for electro-polishing silicon [24]. Since 1990, the structural 
and electronics properties have been examined in subsequent works. The ultimate goal 
of this research is also to develop fully Si based optoelectronic devices. A p-Si layer is 
uniformly generated by an anodic etching of single c-Si in an HF based eletrolyte at a 
moderate current density. The resultant microstructure is a network of small nano-meter 
sized c-Si regions surrounded by voids [25]. 
The microstructure of p-Si depends on the composition of the electrolyte, the 
type and resistivity of the initial substrate and the current density during anodization. 
The principal feature of p-Si is extremely fine structures, which are small enough to 
exhibit some quantum confinement effects. Cullis and Canham [26] reported visible PL 
ranging from the green to the red from p-Si and attributed this to quantum size effects. 
Due to the large surface area of p-Si and the sensitivity of its optical efficiency to 
surface condition, some researchers [27-29] speculated that light emission may arise 
from oxidized Si, defect states of Si02, a Si-H alloy, interfacial interactions and surface 
states. Bassous et. al. [30] reported an electroluminescent device with p-Si. The 
structure consists of a p-n junction. A relatively good junction was obtained and the 
device showed weak EL with spectral response close to the PL produced in the same p-
Si layer. 
Despite the remarkably higher PL efficiency (1-10%) and slightly better external 
quantum efficiency, high porosity creates certain undesirable properties, namely-
mechanical fragility and poor thermal conductivity. Many other issues like longer 
optical lifetime and wider emission spectrum need to be resolved in order to increase 
device speed. 
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2.4.2. 3 Iron dislicide 
The recent observation of light emission from P-FeSh made it one of the 
potential candidates for Si based optoelectronic. P-FeSh has semiconducting properties 
having a supposedly direct band gap of about 0.83-0.87eV at room temperature [31-35], 
a high optical absorption co-efficient [32], good physical-chemical stability at high 
temperature and the possibility of growing this material epitaxially on a Si substrate 
[36]. Due to these above characteristics, large efforts have also been made to investigate 
its possible usage in Si based optoelectronic. 
One of the earliest reports of PL at 5K from P-FeSh was demonstrated by 
Dimitriadis et. al. [32]. Weak luminescence around 0.84eV was found from thin film of 
P-FeSh. Hunt et. al.[34] demonstrated PLat 1.54 p,m from discontinuous P-FeSh layers 
fabricated by ion beam synthesis in Si wafers. The nature of the band gap has been 
reported to be direct with a value of about 0.86- 0.88eV. By optical absorption study of 
ion beam synthesized semiconducting P-FeSh, Yang et. al. [35] demonstrated the 
existence of a minimum direct band gap of 0.847eV at room temperature and 0.904eV 
at lOK. 
Leong et. al. [37] first reported EL at a wavelength of 1.54p,m from Si/P-FeSh 
LED. But the observed signal was strongly quenched with temperature. The estimated 
quantum efficiency was reported to be 0.1% at 80K. Recently room temperature EL has 
been reported from P-FeSh [38]. 
2.5 Erbium in silicon 
2.5.1 Historical background of erbium 
Erbium, symbol Er, is one of the rare earth elements belonging to the 
lanthanide's series in group IIIB of the periodic table. The Swedish Chemist, Carl 
Gustav Mosander discovered Erin 1842. He separated 'yttria' from mineral gadolinite 
into three fractions what he called 'erbia' in the first fractions, 'terbia' in the central 
fractions and the true 'yttria' in the final fractions. Soon after the Mosander' s work, 
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there was a controversy over the name and entity of 'terbia' and 'erbia'. Later on, 
Mosander's 'terbia' and 'erbia' were renamed as 'erbia' and 'terbia' after 1860 and 
1877 respectively. 
Fairly pure erbium oxide, Er203, was first isolated independently by Urbain and 
James in 1905. Erbium oxide is a rose-red compound slowly soluble in many mineral 
acids, forming a series of rose-colored salts. Klemm and Bommer were the first to 
isolate pure Er metal in 1934 by reducing the anhydrous chloride with potassium 
vapour. Pure Er is a soft, malleable, lustrous and silvery metal. It does not oxidize in air 
as rapidly as some of the other rare earth metals do, so that the metal is fairly stable in 
air. Natural Er has six stable isotopes. It is never found in nature as the free element. 
The ores, monazite, xenotine and bastnaesite contain Er with small amount of other rare 
earth metals. The process to separate into the individual element and handling of Er 
containing ores is rather complex and expensive. 
Erbium is used in the nuclear industry and metallurgical usage. It lowers the 
hardness and improves workability. Erbium oxide is used in ceramics to produce a pink 
glaze. Erbium is also used in fabricating optoelectronics devices. For example, it is used 
in optical amplifiers to amplify the light signals sent along fiber optic cables. 
2.5.2 Light emission from erbium doped silicon 
Er doped Si has become an extensively studied research area for the last few 
years in order to obtain light emission from Si. The idea is based on the principle that in 
Er doped Si, optically or electrically generated charge carriers will recombine at an Er 
related trap level within the Si band gap and transfer their recombination energy to the 
Er3+ ions which then excite to their first excited state and subsequently relax to the 
ground state by the emission of a photon at 1.54J..lm. This emission is independent of 
host materials and temperature. With Er doping in Si, it could be possible to realize the 
optoelectronic functionality in Si. Light emission from Er implanted Si has been 
reviewed in the subsequent section. 
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The following five methods have been widely used to incorporate Er in 
crystalline silicon: -
(1) ion implantation followed by annealing [40,43,45-51,56]; 
(2) molecular beam epitaxy [41,57,63,69,77,96-98]; 
(3) solid phase epitaxy [44,59,61,64,71]; 
(4) ion beam epitaxy [80,90]; and 
(5) diffusion [58]; 
Numerous other methods, such as, laser irradiation [53], magnetron sputtering 
[55], laser ablation [82,86,94], plasma accelerated chemical vapor deposition 
[52,54,78,83] etc. are also currently being developed for forming Si:Er layers. The ion 
itnplantation technique is the most commonly used technique. Post implantation 
annealing has to be done in order to eliminate implantation damage and to activate Er 
centers electrically and optically. Temperature, time and the environment during 
annealing affect the luminescence due to the changes in the defect concentration [50,76]. 
Sharp intra 4f- luminescence spectra from the rare earth elements, Ytterbium 
(Yb) and Praseodymium (Ptn), doped in III-V semiconductors was first observed by 
l(asatkin et. al.[39]. In 1983, Ennen et. al. [40] pointed out the potential use of rare earth 
elements in semiconductor materials for the development of light emitting diodes. They 
have measured PL intensity from Er doped GaP, GaAs, InP and Si. They reported that 
optical transitions of Erin Si took place between the crystal field split orbit levels 411312 
and 411512• This transition has a wavelength around 1.54t-tm coinciding with the low loss 
window of optical fiber communication. This phenomenon makes the Si:Er system 
potentially attractive for a Si based LED and LASER. They also observed that the 
luminescence intensity significantly decreased with increasing temperature. External 
quantum efficiency of Si:Er devices was also measured and found only in the order of 
8x10-5, too small for device applications. 
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In 1985, the same group [Ennen et. al.][41] reported the EL spectrum of a 
molecular beam epitaxy grown Er doped Si at 77K. They observed an intense sharp 
peak at 1.54J.tm in the EL spectrum under forward biased conditions. They 
demonstrated that the luminescence was due to the internal4f transition of Er3+. But no 
room temperature luminescence was reported from this sample. 
In 1988, Klein et. al. [42] studied the Er3+ luminescence lifetime in a variety of 
Si and III-V semiconductor host materials. They found the PL decay time of the Si:Er 
system is in the order of 1msec, two orders of magnitude larger than in the InP: Yb 
system. By comparing similar measurements in insulating crystals and glasses, he 
suggested that the Er decay is mostly radiative. From this measurement they concluded 
that Er doped materials would be better for device applications than the corresponding 
Yb- based system, which are limited by competing non- radiative processes. 
In 1989, the characteristic properties of Erin Si were studied by Tang et. al. [45] 
by using PL and Rutherford Backscattering analysis. In PL analysis, they observed that 
most intense emission of Er due to the transition of Er3+ (4f11) is at 1.5375J.tm. They 
suggested that most of the optically active Er3+ ions have tetrahedral or lower site 
symmetry on substitutional or interstitial sites on silicon. They pointed out that 
interstitial sites having non-cubic symmetry are thermally unstable. At increased 
annealing temperature or time, more Er3+ ions will occupy the more thermally stable 
lattice sites of tetrahedral symmetry or move to the sample surface. In RBS 
measurement on various samples, they observed the same result as PL analysis at higher 
annealing temperature or longer annealing time. 
Favennec et. al. [47] showed the possibility to enhance luminescence 
significantly by the presence of oxygen in the Si:Er samples. They used three different 
techniques (Cz, Fz and CVD) to obtain different 0 concentration in different samples. 
0 concentrations in three samples were 1018/cm3, 1015 - 1017/cm3 and< 1015/cm3 in Cz, 
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Fz and CVD material respectively. They observed that the PL signal is greater in the Cz 
sample than that of Fz and CVD samples by an order of magnitude. They pointed out 
that the wafer orientation or the substrate type did not have a noticeable effect on the PL 
signal. Thus they suggested that 0 might have an important role in the optical activation 
of the Er impurity thereby enhancing the luminescence of Er3+. However, the highest 
PL peak was observed at an 0 concentration of 1018/cm3• After that PL was found to 
decrease possibly, due to damage induced by the 0 impurity during implantation. They 
concluded that PL enhancement at the presence of 0 is due to the formation of Er-0 
complexes, which act as luminescence centers for the 4It3/2 ｾ＠ 4115,2• 
In electrical characterization of Er in Si, Er has been demonstrated to present a 
donor behavior in Si, by Benton et. al. [ 48] in 1991. Room temperature Hall effect, 
capacitance voltage and spreading resistance measurement were used to assess the 
electrical properties. The donor concentration was approximately equal to the Er 
concentration until near the solubility limit, where it saturates at a maximum value of 
4x1016Er/cm3• This group also studied the defect properties of Er by DLTS 
measurements in a Si:Er sample. They reported nine discrete Er related defect levels in 
the DLTS measurement. From PL studies, they reported that 0 and lattice defects might 
have an effect on luminescence at 1.54f..lm from Er in Cz - Si and Fz-Si. 
Eaglesham et. al. [49] first studied the solubility, segregation and precipitation 
behavior of Er implanted in Si by ion implantation in 1991. Post implantation annealing 
was also performed at different temperatures particularly in the region near 900°C. 
They investigated the microstructure at various energies and concentration by TEM 
analysis. They found the threshold Er concentration for precipitation is around ....., 1.3 ± 
0.4x1018/cm3 in a Si:Er sample implanted at 500keV followed by annealing at 900°C for 
30 min. Above this concentration, they found Er precipitation on Si [ 111] planes in the 
form of platelets and they suggested that these platelets probably resemble ErSh in 
structure. The precipitate density increases rapidly as the Er concentration rises above 
the threshold value. Si implanted with Er at 400ke V to achieve a peak concentration of 
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5x1017/cm3 and oxygen to a peak concentration of 3x1018/cm3 at the same depth did not 
have precipitates after annealing. Er segregation during solid phase epitaxy (SPE) was 
also observed because of the migration of Er to the surface. They concluded that 
segregating Er could precipitate at higher Er concentration, which leads to highly 
defective Si. 
Michel et. al. [50] has extensively studied the impurity effect on PL. They co-
implanted Er with light elements (carbon, nitrogen, fluorine) as well as heavy elements 
(aluminium, sulfur, chlorine, phosphorous). C, Nand F co-doped Er samples gave four 
times higher luminescence in comparison to the normal Er implanted Cz-Si at 80K. 
These impurities also enhanced the luminescence in Fz-Si. The PL intensity of Fz-Si is 
smaller comparable to the PL of Cz-Si, but considerably higher than a Fz-Si sample 
implanted with Er only. They found little effect of heavier elements on the PL intensity. 
They also reported that impurities co-implanted with Er influences the crystal field 
splitting of the 4f11 states. They also performed the post implantation annealing on two 
sets of Er implanted Cz and Fz Si samples in the temperature range from 600°C-11 00°C 
for 30 minutes each. For the optimal annealing condition, they concluded that annealing 
at 900°C proved to be the best-suited annealing temperature for Cz-Si. At this annealing 
temperature, Er in the Cz-Si could give more than 100 times higher luminescence 
intensity than that of Fz-Si. To observe the effect of oxygen on PL in Fz-Si, they co-
implanted oxygen with Er in Fz-Si and found that the PL signal is two orders of 
magnitude greater than that of the sample without oxygen. They annealed the sample 
again at 450°C before and after the 900°C anneal for further investigation. No 
significant enhancement in the PL signals was reported by this anneal. From these 
results, they concluded that no change in charge state of Er2+ or Er3+ is taking place by 
additional heat treatment at 450°C after the 900°C anneal. No improvement was also 
found on the PL signal for a single anneal at 450°C as well. The same group also 
performed the EL measurements in a Si:Er LED (Er in Cz-Si) and they observed 
luminescence from this LED up to 230K. The observed EL spectrmn was nearly 
identical with the PL spectrum. 
20 
Chapter Two- Literature Review 
Using extended x-ray absorption fine structure (EXAFS) analysis, Addler et. al. 
[51] investigated the chemical surroundings of Er3+ ion implanted in Si. From the 
findings, this group concluded that optically active centers in Cz-Si occur in the form of 
complexes with six fold bonding (Figure 2.3) to the neighboring oxygen ions, with a 
structure similar to that of Er203, while in Fz-Si, Er has ErSh like neighborhood 
surroundings (twelve Si atoms around Er) which is optically inactive. The implication is 
that optical activation of Er involves six folds bonding with oxygen impurities without 
any effect from host. 
opticatly inactive opticolly active 
Figure 2.3 Schematic picture of the first coordination shell of Er species in Fz-Si 
(Left) and Cz-Si (Right) [51]. 
In 1993, Ren et. al. [56] were the first to observe room temperature (300K) EL 
with a sharp peak at 1.54p.m from a Si:Er LED with peak Er concentration of 
3x1018/cm3• The schematic cross-section of the Si:Er LED is shown in figure 2.4. But 
the operation of this LED was not practicable due to its quenched luminescence at room 
temperature. In figure 2.5, EL intensity is drawn against forward bias injection cunent 
for a diode at 300K. The inset shows EL spectra at 1 OOK and 300K. The EL signal 
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saturates due to the long excited state lifetime (lms) of Er centers. A comparison of this 
Si LED is given in Table 2.1 with respect to the GaAs LED at 77K. 
Table 2.1 
Parameter GaAs Si:Er 
Wavelength ＨｾＭｴｭＩ＠ 0.88 1.54 
Absorption Coefficient (cm- 1) 104 2 
Internal Quantum Efficiency 0.50 0.50 
External Quantum Efficiency 1.0% 1.4% 
Linewidth (A) 1000 100 
Table 2.1 LED performance comparison between GaAs and Si:Er at 77K [56]. 
p 
P+ 
Figure 2.4 Schematic cross-section of Si: Er LED [56] . 
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Figure 2.5 Si:Er LED intensity as a function of drive current. The inset shows EL 
spectra at lOOK and 300K [56]. 
In the same year (1993), a group of Italian researchers [60] extensively explored 
the role of impurities and defects on electrical and optical characterization of Er 
implanted Si. Er was co-implanted with 0 and C at high concentration in Cz-Si. They 
performed heat treatment by rapid thermal annealing in the temperature range 800°C -
1100°C for 5-300 seconds in order to reduce the implantation damage and activate the 
implanted Er both electrically and optically. They observed that the Er donor 
concentration reached a maximum value of 2x1019/cm3 for an Er dose of 6x1015/cm2 
and an 0 concentration of 2.5x1021/cm3, which is 1000 times greater than the maximum 
value reported in the literature [11]. In a sample co-implanted with C, they observed the 
same donor behavior with maximum donor concentration about 2x1018/cm3 with an Er 
dose of 6x1015/cm2 and C concentrations of lx1018/cm3. C co-implantation gives 
considerably better quality film than Er/0 samples possibly due to carbon's ability to 
reduce the secondary defects during annealing. In PL analysis, a greater enhancement in 
PL spectra is found in Er/C samples than Er/0 samples because of (they proposed) 
reduced crystallographic defects. 
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In 1994, Ren et. al. [62] again carried out an investigation on PL on fluorine (F) 
co-doped Er:Si samples. It has been found frotn the investigation that at low 
temperature PL intensity from F co-doped Er:Si samples is higher by two orders of 
magnitude than that of 0 co-doped samples. They demonstrated that for maximum light 
emission, the optimal heat treatment condition depends on the interaction of (1) damage 
recovery/complex formation; (2) F-out diffusion; and (3) complex dissociation 
processes during the heat treatment. They also reported that damage dominates the 
luminescence for the F peak concentration above 1x1019/cm3• 
In the same year, Przybylinska et. al.[61] carried out investigation on the local 
structure of optically active Er centers in Si and identified three different classes of 
optically active Er. They found that isolated, interstitial Er sites are dominant in Fz-Si, 
while the dominance of Er-0 complexes is found only in Cz-Si. Er complexes due to 
radiation induced defects are also present in both Cz-Si and Fz-Si. From their 
investigation, they concluded that light element co-implantation does not form new Er 
co-dopant complexes, rather it redistributes the relative concentration of the identified 
three different classes of optically active Er centers. 
In 1995, Namavar et. al. [68] have reported strong room temperature photo 
emission from Er doped porous silicon (Er:p-Si). They implanted Er with a dose of 
1x1015/cm2 into p-Si, bulk Si and quartz and annealed the samples in the temperature 
range from 500°C-900°C for 30 minutes. They observed a strong room temperature PL 
signal from Er:p-Si sample annealed at 650°C and a weaker signal from the samples 
annealed at 850°C. They suggested that the weaker PL signal from the sample annealed 
at 850°C is due to the fmmation of silicides at higher annealing temperature, which is 
optically inactive. Observed luminescence was quenched by a factor of 2 as temperature 
increased from 9K to 300K. No rootn temperature photoemission was observed from Er 
implanted bulk silicon and quartz samples annealed at the same temperature. 
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Shin et. al. [70] also carried out a PL investigation on Er doped p-Si and found 
room temperature luminescence at 1.54p.m. They reported that Si crystal nano grains 
present in the p-Si have no effect on luminescence on Er3+ in p-Si rather it's due to Er 
atoms incorporated into such amorphous regions in p-Si. They believed that the PL of 
Er is much more strongly affected by the changes in oxygen and hydrogen contents of 
the material rather than changes in porosity or crystal nano-grain size. 
Lombardo et. al [72] first reported room temperature EL from a Si:Er:O LED 
under reverse bias conditions and found a very weak temperature quenching of the 
luminescence. Figure 2.6 shows the schematic cross-section of the metal-SIPOS-p+ 
silicon diode structure for the EL measurements. Er was implanted to a concentration up 
to 1.5 at % and annealed in a rapid thermal annealing furnace for five minutes in a N2 
ambient condition at temperatures between 400°C and 1 000°C. They observed the most 
intense room temperature luminescence from a sample implanted with an Er dose of 
5x1014 Er/cm2 annealed at 400°C in reverse bias under breakdown conditions and this is 
due to impact excitation of the Er3+ ions by hot electrons injected from Si into the Si:O, 
Er layers. They also observed comparatively weaker signals from samples under both 
forward and reverse bias conditions annealed at temperatures above 400°C. 
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Figure 2.6 Schematic cross-section of the metal-SIPOS-p+-Si diode structure for 
EL measurements [72]. 
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Sobolev et. al. [73] carried out an investigation on optical and electrical 
properties of a Si:Er light emitting structure. They reported that the intrinsic point 
defects generated during the post implantation annealing process and 0 might play a 
significant role in forming the electrically and optically active Er centers in Er doped Si. 
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Figure 2.7 PL spectrum of SiO:Er annealed at 600°C in argon for 30 minutes [74]. 
S. W Roberts and G. J Parker [74] observed strong room temperature PL from 
silicon monoxide films, which are co-evaporated with Er on to a Si substrate. The 
composite film thickness was 200nm withEr concentration of 2.7x1020 Er/cm3• They 
subsequently annealed the samples in argon environment for 30 minutes at temperature 
up to 900°C. The most intense room temperature luminescence [Fig 2.7] was obtained 
from samples annealed at 600°C. They proposed that the lower PL signal at higher 
annealing temperature is due to the formation of Si nanocrystals surrounded by Si02 in 
which Er precipitates fotm. The dependence of PL signal on annealing temperature is 
shown in figure 2.8. In order to see the effect of laser wavelength on PL signal, they 
also performed photo excitation by four different argon ion laser lines (476, 488, 496 
and 514nm) and found the same pumping efficiencies for each of the four Ar+ lines. 
From this result, they concluded that the Er excitation is dominated by the photo-
generated catTier Inediated process in SiO. 
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Figure 2.8 Dependence of PL signal on annealing temperatures [7 4]. 
Libertino et. al. [75] have carried out an extensive investigation on the influence 
of oxygen on the deep level properties of Er in c-Si by DLTS measurements and 
capacitance-voltage measurements. Er was implanted in a p + -n junction structure. Some 
samples were co-implanted with oxygen and annealed subsequently in the temperature 
range 800°C-1000°C for 5 seconds to 30 minutes. They again observed donor behavior 
of Er related defects. For Er ｩｭｰｬ｡ｾｴ･､＠ c-Si, they identified four different trap levels 
within the Si band gap (Figure 2.9). Three major traps, they identified, as Er related 
which are localized at Ec- 0.51eV, Ec - 0.26eV and Ec- 0.20eV. They attributed the 
peak at Ec- 0.34e V as due to residual damage from the implantation process. They also 
observed that an increase in the oxygen concentration produced a large modification in 
the deep level spectra and promoted most of the deepest levels to shallower ones and 
thereby enhancing the donor behavior of erbium in silicon. However, an additional peak 
at Ec- 0.15eV was also observed in 0-rich material (Figure 2.10). 
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Figure 2.9 DLTS spectrum showing the Er- related defect states in Si [75]. 
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Figure 2.10 DLTS spectrum showing the Er- related defect states in 0 co- doped Si [75] . 
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Vanden Hoven et. al. [76] have carried out extensive photo emission analysis on 
Er doped semi-insulating polycrystalline (SIPOS) and amorphous silicon (a-Si). SIPOS 
was deposited on a single crystal Si substrate by chemical vapor deposition with an Er 
fluence of 0.05 to 6x1015ions/cm2 at 500keV. Post implantation annealing was also 
performed within the temperature range between 300°C - 1 000°C. They observed room 
temperature PL from this sample at 1.54J.tm. A higher PL intensity is observed in SIPOS 
than for Cz-Si (with and without extra 0). They attributed this higher PL due to the 
higher active Er3+ concentration and/or higher excitation efficiency. 
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Figure 2.11 PL spectra of Er doped amorphous and crystalline silicon taken at 2K. 
The intensity scale is arbitrary but identical in both figures [79]. 
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Bresler et. al. [79] used a magnetron-assisted silane decomposition technique, to 
deposit Er on amorphous hydrogenated silicon (a-Si:H(Er)), in order to sidestep the 
major problems of limited solubility of Er, temperature quenching, longer Er lifetime, 
sample preparation difficulties in c-Si. a-Si:H(Er) films of thickness 0.60 ·f.lm were 
deposited on the c-Si and fused silica substrate with Er concentration of 1.1x1020 
Er/cm3, which is much larger (two orders of magnitude) than optimum concentration in 
c-Si. Strong room temperature PL at 1.537 11m was observed from this a-Si:H(Er) 
samples which is as strong as the emission from optimized c-Si(Er) at 2K (Figure 2.11). 
They found virtually no temperature quenching of the observed emission within the 
temperature range of 2 - 300K. They proposed that the weak temperature dependence 
of emission intensity is due to shorter excited Er lifetime which is different from c-
Si(Er). 
Shin et. al. [81] have extensively carried out photo-emission analysis in Er 
doped amorphous hydrogenated silicon (a-Si:H). They obtained optimum room 
temperature Er3+ emission from samples annealed at 300°C - 400°C. No Er related 
luminescence was observed from either as-implanted samples or from samples annealed 
at 500°C due to the competing effects of irradiation induced defects and out diffusion of 
· hydrogen at the higher annealing temperature respectively. A greater rootn temperature 
PL intensity was also observed from 0 co-doped samples than that for 0 co-doped c-
Si:Er samples under identical annealing and measuring conditions. They also found that 
the intensity became 15 times smaller as the temperature was raised from 10K to room 
temperature and attributed this quenching due to an increase in the de-excitation rate of 
excited Er3+. Addition of 0 reduces the quenching between 1 OK and 300K. 
Serna et. al. [84] incorporated Er in c-Si using molecular beam epitaxy on 
Si(100) at 600°C both in vacuum and in an oxygen ambient and studied the optical 
activation of Er in c-Si. Strong Er segregation was reported in samples grown in 
vacuum where only 23% of the total deposited Er is incorporated in the epitaxial layer. 
No segregation was found in the oxygen co-doped sample with total Er and 0 
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concentration of 1.5x1019Er/cm3 and 4x10190/cm3 respectively. They observed Er3+ 
luminescence at 1.54Jlm at 1 OK with different spectral shape due to the formation of Er-
0 complexes in 0 doped samples. 0 doped samples showed higher peak intensity and 
integrated intensity than that from samples without 0. The higher intensity in 0 doped 
samples, they believed, was due to the higher incorporated Er as well as an increased Er 
luminescence efficiency. They also observed that Er excitation efficiency was lower in 
the 0 doped sample than 0 undoped films due to change in the minority carrier lifetime, 
which is largely affected by the presence of 0. 
Hommerich et. al. [85] reported a PL spectroscopy study of Er implanted into p-
Si. They implanted Er into two different p-Si samples withEr dose of 1X1015 Er/cm2 at 
380ke V and annealed the samples at 650°C for 30 minutes under identical conditions in 
order to compare the luminescence. One sample (Sample A) was less porous than the 
other one (Sample B). They observed Er3+ luminescence from both samples at 15K. But 
the luminescence from sample A is higher than that from sample B. Regarding the 
temperature effect on luminescence, they observed 10% less temperature quenching in 
sample B at room temperature. From the results they believed that a strong co-relation 
exists between Er3+ luminescence and the nano-structure of p-Si. 
In 1996, Komuro et. al. [86] carried out photoemission measurements on an 
Er:Si sample prepared by KrF excimer laser ablation technique. They observed intense 
room temperature photoemission with a peak at 1.54Jlm. Moreover, the sample prepared 
by this technique showed very similar luminescence thermal quenching and time decay 
characteristics as those from Er: p-Si and/or Er:a-Si but quite different from that of Er: 
c-Si. 
Gusev et. al. [87] reported strong room temperature EL under reverse bias at 
1.54Jlm from a-Si(H):Er grown by a magnetron assisted silane deposition technique. 
They made the device using an Al/a-Si:H(Er)/n-c-Si/Al diode structure (Figure 2.12). 
They proposed a defect related Auger excitation process for the electronic excitation of 
Erin a-Si. 
31 
Chapter Two - Literature Review 
150 
100 
50 t t /..:. 1.541-Jm 
<( 
E 
...._ 0 
n 
... 50 
-100 
-150 
-40 -30 -20 -10 0 10 
U/V 
Figure 2.12 I-V characteristics of the Alla-Si:H(Er)/n-c-Si/Al structure [87]. 
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Figure 2.13 I-V characteristics of a pair of Schottky diodes at room temperature. 
The inset is a schematic cross-section of the Schottky diode [88]. 
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Chun-Xia Duet. al. [88] fabricated Schottky type light emitting devices from the 
Si:Er system (Figure 2.13) in order to study the light emission process from Si:Er 
structure. For this, they incorporated Er together with 0 on to a p-type Si substrate by 
molecular beam epitaxy. They observed intense room temperature luminescence from 
this LED under reverse bias condition. They believed that impact ionization was the 
likely excitation method of Er ions incorporated within the depletion layer under reverse 
bias. They observed an apparent activation energy value of 160meV and believed this to 
be responsible for major temperature quenching of luminescence in this device. 
Franzo et. al. [89] carried out detailed analysis of light emission from Si:Er 
diodes under both forward and reverse bias in order to explain the EL mechanism and 
the pe1formances of diodes. For this they fabricated Er - doped p + - n + Si diodes with Er 
and 0 concentration of 1x1019Er/cm3 and lx10200/cm3 respectively. They found room 
temperature EL at ＱＮＵＴｾＭｴｭ＠ from these diodes under both forward and reverse bias. But, 
for the same current density passing through the device, it has been found that the EL 
signal under forward bias is 2-10 times smaller than that under reverse bias at the diode 
breakdown. The observed quenching behavior of the EL signal was also different for 
the different biasing conditions. With temperature going from 77K to room temperature, 
the EL signal decreases by more than a factor of 20 under forward bias, while it was 
only a factor of 3 under reverse bias. It has also been found that the dislocations grown 
in during the device processing seriously affect the EL temperature quenching under 
forward bias, while no effect was observed under reverse bias. The measured internal 
quantum efficiencies of this diode at room temperature were lxl0-5 and >lxl0-4 under 
forward and reverse bias respectively. They concluded that the thin excitable region and 
the limited fraction of hot carriers having sufficient energy to impact excite Er ions are 
limiting factors to achieve higher efficiency at room temperature under reverse bias 
while strong non-radiative decay processes and a small number of excitable sites 
hinders the achievement of higher efficiency under forward bias. 
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M. Matsuoka and S. Tohno [90] also reported room temperature luminescence 
from a Si:Er LED at 1.54 p,m. They fabricated a Si:Er LED with Er-0 co-doped Si films 
by ion beam epitaxy using an electric mirror sputtering type metal ion source in an ultra 
high vacumn. Sharp and well-split EL has been observed at room temperature under 
both forward and reverse biases. They observed a quenched luminescence signal at 
room temperature under forward bias. However, no temperature quenching was 
observed even at room temperature under reverse bias. From these results, they 
concluded that Er ions are mainly excited by electron-hole pair recombination at an Er-
related level within the Si band gap under forward bias, while impact ionization of hot 
carriers is the major luminescence mechanism under reverse bias. 
Sobolev et. al. [91] reported the fabrication and characterization of Si:Er(O) 
light emitting diodes operating at room temperature. Er and 0 were co-implanted on 
phosphorus-doped n-type Cz-Si substrates and subsequent annealing was performed. 
They tested the device under reverse bias in the temperature range between 80K - 300K 
and found room temperature EL in the avalanche breakdown regime. They believed that 
impact ionization occurring due to p-n junction avalanche breakdown could cause Er 4f-
shell excitation. The observed EL signal decreases as temperature increases from 80K 
to 300K. The room temperature EL intensity under forward bias was over one order of 
magnitude smaller than that under reverse bias. 
In 1998, Shin et. al. [92] again investigated the composition dependence of room 
temperature 1.54p.m Er'+ luminescence of the Si:Er system. They applied the electron 
cyclotron resonance plasma enhanced chemical vapor deposition technique to produce 
Er doped Si:O thin films of thickness 700nm. They used various Si:O ratios ranging 
from 3:1 to 1:2 and pelfmmed annealing treatment from 500°C to 900°C in order to see 
the composition dependence of Er3+ luminescence. They observed the most intense Er3+ 
luminescence frmn the sample with a Si:O ratio of 1: 1.2 after a 900°C anneal. From 
these investigations, they concluded that high active Er fraction, efficient Er excitation 
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via carriers and high luminescence efficiency due to the high quality Si02 matrix are the 
key factors in producing the intense Er3+ luminescence. 
Bell et. al. [93] investigated the optical and structural properties of laser 
annealed Er:a-Si:H thin films. They prepared the thin films by co-depositing Er and a-
Si:H by cosputtering. They applied continuous wave Ar+ and Nd-Y AG lasers for 
annealing treatment of samples. Cumulative thermal annealing was also performed in 
the temperature range of 1 00°C - 600°C in order to compare the results with the laser 
annealed samples. Both thermal annealed and laser annealed satnples give a room 
temperature Er PL signal but thermally annealed samples at 350°C gives more efficient 
light emission. At 771(, the PL signal from the thermal annealed sample is higher than 
that from laser annealed samples. No structural change was found in the thermal and 
laser annealed samples. They concluded that the laser annealing treatment is very useful 
in the design and construction of a Si:Er based device and a very convenient way to 
activate Er3+ centers due to low temperature annealing, limited time of operation and the 
limited area of the treated regions. 
Ng et. al. [94] carried out a PL investigation on Er doped Si prepared by laser 
ablation technique and found strong room temperature PL emission at 1.535p.m. 
Strongest Er3+ luminescence was observed from a sample annealed at 450°C for 30 min 
in N2 ambient using a tube furnace. Thermal quenching of the observed PL signal 
between 80K and 300K is only about 2.5. From PL excitation measurements of the 
same sample, they believed that the significant Er luminescence is excited via the Si 
band edge rather than by direct optical absorption. 
Shin et. al. [95] again demonstrated room temperature Er3+ luminescence from 
an Er doped Si/Si02 superlattice. They prepared samples by doping Er into the Si02 
layer only and then by depositing a buffer layer of pure Si02 between the Er-doped Si02 
and the Si layer. They found a greatly enhanced Er3+ luminescence by a factor of up to 
nearly 3 orders of magnitude by using the buffer layer. Moreover, a nearly complete 
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suppression of the temperature-induced quenching of Er3+ luminescence was also 
observed by the presence of a buffer layer as well. It has also been found that without 
the buffer layer, Er3+ luminescence intensity decreases by a factor of 3 as the 
temperature is increased from 1 OK to room temperature. They believed that a buffer 
layer of pure Si02 controls the interaction between the Er atom and the electronic 
carrier in such a way that the catTier mediated de-excitation mechanisms are suppressed 
while allowing catTier mediated excitation of Er3+ to proceed. 
Scalese et. al. [96] carried out extensive investigation on the effect of the O:Er 
concentration ratio on the structural, electrical and optical properties of c-Si co-doped 
with Er and 0 by molecular beam epitaxy. Si:Er:O layers of thickness 250nm have been 
grown on a Si substrate with uniform Er and 0 concentrations in the range 8X1 018 -
1.5x1020Er/cm3 and up to 5x10200/cm3 respectively to obtain several samples with O:Er 
ratios in the range 1-20. Reflection high-energy electron diffraction, SIMS, TEM and 
SR were used to observe the surface condition, chemical profiles, structural properties 
and carrier concentration profiles of the sample respectively. From the result obtained, 
they proposed an upper limit for the 0 concentration (2x10200/ cm3) and the lower limit 
for the O:Er ratio in order to prevent degradation of the epitaxial layer and Er 
segregation at the surface respectively. They demonstrated Er as a donor in the MBE 
grown samples and observed that this donor concentration increases with the O:Er ratio 
until a saturation region is achieved for ratios higher than 6-8. They found a PL signal 
from all samples but quite different room temperature PL and different temperature 
quenching for different O:Er ratios. The most intense room temperature PL signal was 
observed from the sample with 0 and Er concentration of 2x10200/cm3 and 
1x1020Er/cm3 respectively. 
M. Markmann et. al. [97] carried out a comparative study of Er 
electroluminescence excitation efficiency in molecular beam epitaxially grown Sit-yCy: 
Er (Series A) and Si:Er:O p-n diode under both forward and reverse biases. They 
incorporated Er either in the n or p region of both diodes and analyzed them in their as 
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grown state. They observed greater EL output from Er doped in the p-layer than that of 
then-layer under forward bias irrespective of the codopant. They believed that higher 
EL efficiency in the p region is due to the presence of enough holes, which form bound 
excitons with the electron localized at the Er related level for Er excitation. Under 
reverse bias, maximum EL efficiency is observed in both diodes when Er is 
incorporated in then region. However, EL output is 3300 times higher in the Si:Er:O 
diode than that of Sit-yCy:Er diode. It has also been found under reverse bias that the 
electron is 5000 times more efficient than holes in exciting of Er3+ ions at equal space 
charge region width due to the higher scattering rate of holes compared to the electrons. 
2.6 Temperature dependence of erbium luminescence 
A few groups [65,74,76,81,85,104-105] investigated the temperature dependence 
of Er 4f- shell luminescence. Coffa et. al. [65] first studied the temperature and pump 
power dependence of Er luminescence intensity and time decay of Er doped c-Si. They 
carried out a PL experiment on an Er doped Si sample with and without 0 co-doping 
and observed improved temperature quenching in 0 doped samples. From time decay 
measurements, they observed that the PL decay is characterized by an initial fast decay 
(lOOJ.ls) followed by a slow decay (900J.ts). The fast decay component showed a 
significant increase with temperature and pump power, while the slow decay component 
became negligible at temperatures above 180K.Two different classes of optically active 
Er3+ sites are believed to be present in the sample. In 0 doped samples, it was found that 
the fast decaying component increases linearly with pump power at all temperatures 
demonstrating the presence of a fraction of optically active Er centers which are 
excitable. They demonstrated that the temperature quenching in 0 doped samples is not 
due to the reduction in the number of excitable Er atoms rather to the reduction in the 
lifetime, whereas for the 0 free satnple, reduction in the number of excitable Er atoms 
with increasing temperature causes thermal quenching. Since, 0 enhances the donor 
behavior of Er, the fast decaying component could be associated with a donor level in 
the Si band gap. Frotn this data, they concluded that the room temperature luminescence 
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is improved not only by increasing the excitation efficiency but also by reducing the 
non-radiative de-excitation processes, which become dominant at temperatures above 
150K. The idea of the existence of two different classes of optically active Er3+ sites in 
Er doped samples was supported by other groups [74] while trying to explain the 
behavior of Er luminescence under different temperatures. They concluded that the 
quenching of luminescence intensity with temperature could be the result of a reduction 
in the pumping efficiency; or a reduction in the amount of excitable optically active Er3+ 
sites; or a decrease in the luminescence efficiency due to enhanced back transfer or the 
combination of these three processes. 
G. N. van den Hoven et. al.[76] observed no temperature quenching of the Er 
luminescence between 77K and room temperature in Er implanted SIPOS samples. 
They attributed this no quenching behavior due to higher 0 and H content, the 
amorphous nature of the material and the large band gap of SIPOS. They concluded that 
back transfer and/or non-radiative de-excitation is less probable in SIPOS where a 
larger number of phonons is necessary to bridge the energy mismatch between the band 
gap, the Er- related defect level and the Er3+ internal state. Jung H. Shin et. al. [81], 
and Uwe Hommerich et. al. [85] supported this model. 
Kik et. al. [99] canied out extensive studies on the temperature dependence of 
the Er PL mechanism and lifetime in Er and Nco-implanted c-Si. They observed that 
the PL intensity decreased by more than three order of magnitude when the temperature 
increased from 12 to 150K, while the lifetime quenches from 420JLs to3 JLS. However, a 
slight decrease in lifetime was observed as temperature goes from 12 to 85K, which 
they attributed to the decrease in excitation efficiency. They described the quenching 
processes by an impurity Auger energy back transfer process. This is a reverse process 
of the excitation process. In this process, the relaxation energy of intra 4f- shells is 
transfened back to the host, forming an electron- hole pair at the erbium related level. 
The pair dissociated at elevated temperatures resulting in quenching of the 4f- shell 
1 uminescence. 
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To study the different quenching processes, A. Polman [100] performed PL and 
lifetime measurements on Er doped Si. In his experiments, he observed that both 
lifetime and intensity decrease with increasing temperature. Dissociation of electron-
hole pairs decreases PL intensity without affecting PL lifetime. But the energy back 
transfer process decreases both intensity and lifetime. 
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THEORETICAL BACKGROUND 
3.1 Introduction 
Erbium luminescence in silicon is believed to be an electron-hole mediated 
process. The process occurs through the recombination of an electron (trapped at an Er 
level) with a hole. This recombination energy provides energy to excite an Er 4f- shell 
electron to the first excited state. Then the excited Er relaxes radiatively or non-
radiatively to the ground state. The radiative relaxation emits a photon at 1. 541-lfll. This 
chapter provides the information on the physics of Er luminescence in Si and 
fundamental theoretical studies of the energy transfer processes in the excitation and de-
excitation processes. The basis for the dislocation engineered Si:Er LED is also 
presented in this chapter. 
3.2 Dislocation engineered Si:Er LED 
A LED is basically a p-n junction diode that gives light due to radiative 
recombination of electrons-holes injected across the junction under forward bias 
condition. Whenever electric current passes through a p-n junction, electrons and holes 
are injected as minority carriers across the junction and recombine either radiatively or 
non-radiatively in the depletion region and neutral p and n region. The radiative 
recombination gives light emission from the LED. In a direct radiative recombination, 
an electron makes a transition downward from the conduction band to the empty state 
(hole) in the valence band to recombine and the energy released during this 
recombination process is transformed into the energy of a photon. Direct recombination 
is a fust process where the mean lifetime of e-h pairs is ｡｢ｯｵｴｾ＠ 10-8 second or less [1]. 
Radiative recombination is much more efficient in direct band gap semiconductors such 
as GaAs, lnP and AlxGal-xAs (for x less than 0.45). 
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On the other hand, a direct recombination in indirect band gap semiconductors 
like Si, Ge, GaP, is very unlikely because of the non-zero crystal momentum of 
electrons at the bottom of the conduction band with respect to the holes at the top of the 
valence band. So an appropriate phonon or localized energy state in the forbidden 
energy band is necessary to help conserve momentum during indirect recombination. 
This three particle involved process is a very weak, much slower process ('tr"' ms), and 
hence competes poorly with non-radiative processes and is inefficient. The resulting 
energy loss during an indirect transition is usually given up to the lattice as heat rather 
than by the emission of photons. 
Let us first consider the efficiency of radiative recombination ( llr). We know that 
non-radiative process is directly competing with radiative process during e-h pair 
recombination. So radiative efficiency depends on both radiative and non-radiative 
recombination processes. Figure 3.1 shows various competing radiative and non-
radiative recombination processes. 
RADIATIVE 
NON 
RADIATIVE 
ELECTRON-HOLE 
PAIR GENERATION 
Figure 3.1 Competing radiative and non-radiative recombination processes [2] 
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The internal efficiency for radiative processes is defined as the ratio of the 
number of excess carriers that recombine radiatively to the total number recombining. 
In 1 d. . ffi . ( ) Radiative recombination rate tema ra tatlve e tctency llr = -----------
Total recombination rate 
If 't'r and 't'nr are the radiative and non-radiative lifetimes respectively, then the 
effective recombination (minority carrier lifetime) lifetime ('t') is given by 
1 1 1 
-=-+- (3.1) 
r rr rnr 
The internal radiative efficiency defined in terms of the lifetime is then given by 
1 
(3.2) 
1 (3.3) 
As can be seen from the equation (3.3) that either by increasing 't'nr or reducing 't'r 
we can get high radiative efficiency. 
Silicon is a poor light emitter. The reason is that the faster non-radiative 
transition mechanism, such as Auger recombination, sutface recombination, 
recombination at most extended defects e.g. dislocations, precipitates, is more dominant 
over the slow radiative transition forbidden due to its indirect band gap structure. 
However, if the non-radiative recombination channel is suppressed or prevented, then 
radiative emission, in principle, could be enhanced. Dislocation engineering a technique 
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proposed by Wai Lek Ng et. a/.[3] aimed at improving the radiative routes by reducing 
the effectiveness of the non-radiative ones. A local strain field around the dislocation 
loops introduced by this technique modifies the Si band structure significantly and 
allows radiative emission due to spatial confinement of the charge carriers away from 
non-radiative pathways. 
The proposed Er doped Si based LED consists of n-type Si substrate implanted 
with B and Er. B is implanted to form a p-n junction and as a means to introduce 
dislocation loops. A suitable heat treatment is performed after implantation to activate 
the dopant and to obtain a controlled distribution of dislocation loops. The effect ofEr is 
to get emission at 1.54!lm due to its internal 4f transition from first excited state to the 
ground state along with Si band edge emission. 
Figure 3.2 shows a schematic of an interstitial dislocation loop and 
corresponding stress distribution around it. A dislocation loop is just an extra plane of 
atoms inserted in the Si lattice. From figure 3.2(a), we can see that Si inter atomic 
spacing just outside the loop is bigger and just inside smaller than that in the bulk. As a 
result, the Si lattice is under negative hydrostatic pressure just outside the loops and 
positive hydrostatic pressure inside the loop. The magnitude and the form of stress field 
can be calculated by using standard elastic theo1y of dislocations [ 4]. Stress field around 
the dislocation loops has direct effects on semiconductor band gap and in this case, 
because the pressure dependence of the band gap in Si is negative, the Si band gap 
varies inversely with hydrostatic pressure. Modification of the Si band gap energy due to 
presence of dislocation loops is shown in figure 3.2(c). The distribution of this band gap 
change between the bands is uncertain but the total change is in the range between 
0.325eVto 0.75eV. 
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Figure 3.2 (a) Dislocation loop formed by ion implantation followed by annealing; 
(b) Stress distribution outside the dislocation loops; (c) Energy band diagram [5]. 
Figure 3.3 shows the simple energy band diagram of our proposed B and Er 
implanted Si LED. Er atoms are implanted in between the right edge of the depletion 
region and the dislocation loops, so that Er atoms can take the recombination energy of 
e-h pairs at the depletion region edge and emits light at the wavelength of I. 54J.tm. 
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Figure 3.3 Simple energy band diagram of our proposed B and Er implanted LED. 
3.3 Physics of erbium luminescence 
It has been well established that the rare earth element, erbium has a strong 
tendency of being in a doubly (2+) or triply (3") electronic charge state when 
incorporated into silicon. The schematic energy level diagram of a free Er3+ ion and 
Er3+ ion in crystal field is shown in figure 3.4. The crystal field of Si splits each single 
state of a free Er3+ ion into a manifold of sub levels with slightly different energies. The 
nature of splitting depends on the erbium site symmetry [6]. The crystal field also 
intermixes the states of opposite parities [7]. The crystal field splitting of the Er3+ ion 
energy state allowed an optical transition due to internal transition in the 4f- shell. The 
transition between the intra 4f manifold [4! 1312 - 4I1s12] is forbidden in the case of free 
Er3+ ions by the parity selection rule. The transition corresponding to photon energy of 
0.8eV ＨＱＮＵＴｾｊＮｭＩ＠ is however made possible by the crystal field in the case of the Er3+ ion 
in Si. This emission is particularly attractive because its wavelength falls inside a 
window of maximum transmission for silica based optical fiber. As the incomplete 4f 
shell is shielded from the surrounding medium by the filled 5s and 5p outer electronic 
shells, the luminescence wavelength would be quite independent of the host material 
and temperature and this has been experimentally proved. 
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Figut·e 3.4 Schematic energy level diagram of a free Er3+ ion (left) and ErH in a 
crystal field (right) [8]. 
3.4 Activation and deactivation processes 
A flow diagram for the activation and deactivation mechanism of Er in Si is 
shown in figure 3.5: -
Electron-hole 
pair generation 
or injection 
I 
Erbium excitation by 
using electron- hole 
recombination energy 
IT 
Radiative 
emission 
Nonradiative 
energy back 
transfer 
Ill 
Figure 3.5 Flow diagram of excitation and de-excitation processes of Er in Si. 
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Activation and deactivation processes of Er in Si are believed to be the 
combination of the following three stages: First stage-excess carriers (e-h pairs) are 
generated or injected by optical or electrical excitation. In optical excitation, a light of a 
selected wavelength is focused at the semiconductor. For electrical excitation, excess 
carriers are injected across the p-n junction when the junction is put under forward bias. 
Second stage-Er in Si acts as a trap level for these excess carriers within the Si band gap. 
The recombination of e-h pairs at this level excites the corresponding Er atom from its 
ground state to its first excited state. Third and final stage-the excited Er then decays to 
its ground state radiatively or non-radiatively. The radiative transition leads to a photon 
at 1.54 J.tm. For wide band gap material, this transition is mostly radiative. But for Si, 
the radiative transition has to compete with some other non-radiative processes like 
energy back transfer [9,10] or impurity Auger processes [10]. 
3.5 Excitation mechanism of erbitun in silicon 
Several research groups [10-18] have proposed several luminescence mechanism 
for the Si:Er system. There is, however, reasonable confusion over the actual 
mechanism that excites the Er atom to its higher energy state. The exact mechanism is 
still under investigation. But it has been well accepted that Er ions in Si are excited to 
the 411312 state by the recombination energy of electron-hole pairs (generated either 
electrically or by optical pumping) near an Er related level in the Si band gap. Radiative 
decay of these ions to the ground state, 411512, provides a photon at 1.54f.!m. Thus the 
excitation occurs most likely through an Auger process. The Er 4f-shellluminescence 
processes are schematically shown in figure 3.6. 
I. N. Yassievixh and L. C. Kimerling [12] carried out theoretical analysis ofEr 
excitation in Si and suggested that a band to band Auger process can be a possible 
mechanism with the help of a localized defect state. Coffa et. al. [13] proposed that 
energy transfer from the Si electronic system to the Er 4f-shell occurs through an Auger 
process, where the recombination energy of excitons bound to Er related defect states 
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results in Er 4f-shell excitation. Under this assumption the steady state population of 
excitons controls the luminescence. 
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capture emission 
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Energy 
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Figure 3.6 Schematic picture of energy transfer process [1 I] 
Priolo et. al. [14], De Dood et. a/. [15], Thao et. al [16] supported the same 
excitation mechanism as described by Coffa et. al. [13]. Shin et. al. [17] and 
Przybylinska et. al. [18] also supported the exciton related mechanism while trying to 
explain the behavior of Er luminescence under short excitation pulses in PL 
measurements. For short excitation pulses of the order of 30J.ls, it was found that the 
luminescence from Er continues to increase for a certain duration even after the laser 
pulse has been terminated. Taguchi et. al. [11] suggested that the observed behavior of 
Er luminescence under a short excitation pulse can result from a slower system 
response. Huda et. al. [19] developed a mathematical model for the energy transfer 
mechanism from Si to the Er atom based on Shockley-Hall-Read (SHR) recombination 
kinetics. The schematic energy flow diagram involving Er excitation based on SHR 
recombination kinetics is shown in figure 3. 7. Er sites were considered as SHR. centers 
in their model. Electron - hole recombination through these levels is believed to be the 
origin of the Er excitation. 
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1.54J.Lm emission 
Er4fshell 
Figure 3.7 Schematic diagram of the processes involving erbiwn excitation: (i) 
electron capture, (ii) electron emission, (iii) hole capture, and (iv) hole 
emission. Destination of the electron through a process is shown by a symbol 
on the arrowhead. Processes (i) and (iii) together lead to the excitation of an 
erbium atom from the ground state to the higher energy state [19]. 
3. 6 Ion implantation induced damage and annealing 
Ion implantation has become a well-established technique for highly controlled 
doping into semiconductor materials. The technique uses an energetic ion beam in the 
ke V to MeV energy range to introduce dopant atoms into surface layers of crystal 
solids. When an energetic ion penetrates a crystal substrate, it losses its energy in a 
series of collisions with the target atoms until it eventually comes to a rest. Each atom in 
a crystal or solid is bound to its equilibrium lattice position by the binding force. During 
the collisions, it can receive enough kinetic energy to overcome this binding force, it 
can be dislodged from its equilibrium position displacing an extra lattice atom to some 
distance. The extra atom may itself acquire enough kinetic energy that leads to a further 
displacement event when it subsequently collides with another lattice atom, which in 
tum may go onto promote further displacements. Likewise the incident ions will 
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continue to produce displacement damage in an avalanche process until this energy falls 
to a level where the transferred energy during collisions is less than the binding force of 
the atoms and further displacement become$ impossible. 
As a result of these successive collisions, displacement damage or defects like 
vacancies, interstitials, substitutionals and other types of disorder around the ions have 
been created. As the incident ion dose on the crystal increases, the number of disordered 
zones increases until they overlap and form an amorphous layer approximately as deep 
as the ions penetrate. The total amount of damage produced during implantation is a 
function of mass and energy of the ion, the temperature of target and atomic mass of the 
target atom and the channeling effect. In general, the heavier the ion, the greater the 
damage in the target crystal. Damage produced in the crystalline lattice during the ion 
implantation process is quite extensive. So, post-implantation annealing treatment is 
necessary not only to repair the damage but also to provide energy required to place the 
implanted dopant atoms into the correct lattice sites so that they become electrically and 
optically active. 
Depth distribution (range profile) of implanted ions is one of the most 
meaningful parameters in ion implantation. Whenever ions pass through a solid, they 
undergo a series of successive collisions with the target atoms, thereby losing energy. 
Eventually they come to a rest within the solid characterized by a distance called the 
projected range (Rp). The value of the projected range is dependent on the ion energy 
and mass, atomic number of both implanted and target atoms. Hence by varying the 
ion's energy and dose, it is possible to control, in principle, the carrier distribution with 
dopant depth. For an amorphous target, depth distribution of implanted atoms is 
described by the projected range (Rp) and a straggle (ARp), the statistical fluctuation in 
the ion concentration along the projected range. 
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The distribution profile is approximately Gaussian in shape for amorphous 
materials. But for crystalline targets, it is strongly dependent on crystallographic 
direction (a channeling direction). A channeling effect is inevitable when ions are 
implanted almost parallel to a major crystallographic axis or plane. In that case, the 
incoming ions will experience fewer nuclear collisions and undergo a much lower rate 
of energy loss in the material. As a result, the ions can penetrate deeper into a crystalline 
target than that of amorphous target. In order to avoid the channeling effect, the 
crystalline target is slightly tilted away from channeling direction, so that the crystalline 
target appears to be amorphous like for the incident ions. 
The evolution of defects upon annealing and the formation of dislocation loops 
have been extensively studied [20-26]. Parsons [21], Large and Bicknell [22] and Mazey 
et. a/. [23] reported the formation of dislocations during annealing treatment 
Dislocation loops lying on (Ill) planes, edge dislocations and also dipoles lying 
parallel to the <11 0> directions after the anneal. The dislocation loops [24] increase in 
size with annealing temperature from a diameter of approximately 1 OOA at 700°C to a 
maximum of about I OOOA at 800°C. At this point the loops appear to stabilize and do 
not increase in size with further increase of anneal temperature up to 900°C. S. M. 
Davidson and G. R. Booker [25] obsetVed a large number of rod-shaped defects parallel 
to the <li 0> directions in Ne or B implanted samples annealed at 700°C - 800°C. Heat 
treatment at 900°C also led to a large number of dislocation loops. These loops are 
reported to lie on the (Ill) plane. The observation of { 113} rod like defects and {Ill } 
dislocation loops in Si implanted Si was reported by G. Z. Pan and 1(. N. Thu [26]. They 
found that these two types of defect started to increase in size and to decrease in number 
with temperature and time. The new { 11I} dislocation loops are believed to be formed 
from the dissolution of { 113} defects at above 800°C. 
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ｅｘｐｅｒｾｅｎｔａｌｓｅｔｕｐ＠
4.1 Introduction 
This chapter describes the main experimental techniques applied for the 
preparation and the investigation of Er doped Si samples. Four sets of samples were 
prepared with different Er doses under different conditions to examine and to obtain 
optimum Er luminescence intensity. Er along with B was implanted by the ion 
implantation technique. Photoluminescence and Electroluminescence experiments were 
performed for luminescence measurements from these Er implanted samples. The TEM 
technique was used to provide microstructural studies of the same samples. 
4.2 Satnple Preparation 
4.2.1 Ion Implantation Technique 
Ion implantation is a process by which highly energetic (ke V ..... MeV) charged 
atomic particles can be introduced onto substrate in a controlled tnanner at a specific 
location in order to change the electrical, metallurgical or chemical properties of the 
substrate. 
Figure 4.1 shows the schematic diagram of an ion implantation system. 
Basically an ion implanter consists of an ion source, an electrostatic extract field to 
extract these ions from the ion source, an acceleration system, a mass separation unit 
and finally the beam sweeping system. The ion source produces ions from a plasma of 
the chosen atom. Ions in the ion source are then extracted and accelerated by applying 
an electric field between the ion source and an electrode which is biased negatively with 
respect to the ion source. The extracted ion beatn is a mixture of different fractions of 
molecules and isotopes of the source materials. A mass separation unit is then used to 
separate the desired dopants with an analyzing magnet. Whenever a charged particle 
passes through a unifotm magnetic field of the analyzing tnagnet, it follows a circular 
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path whose radius depends on ion mass, the charge state of the ion, accelerating voltage, 
and the magnetic field intensity [1]. 
ION SOURCE 
MASS SEPARATI 
MULTIPLE HEATED 
TARGET CHANGER 
FOR BATCH 
PRODUCTION 
Figure 4.1 Schematic diagram of an ion implanter [2] 
Thus ions of different mass having the same accelerating voltage and charge 
state will follow a path of different radius, and spatial separation occurs. The mass 
analyzed beam is then allowed to accelerate to the target (sample) which is kept at 
ground potential. A beam sweeping system is necessary to introduce the dopant on to 
the target uniformly. 
4.2.2 Erbium and Boron implantation 
B and Er implantation have been performed at the Ion Beam Center of 
University of Surrey. Four sets of B and Er implanted samples have been prepared for 
this work:-
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Set 1: Eight samples of this set were first implanted with B at a dose of 
1x1015/cm2 at 30keV. Then a furnace anneal was performed with the B-implanted wafer 
at 950°C for 20 minutes. Some samples were annealed at 1000°C for 20 minutes after B 
implantation. These annealed wafers were then implanted with Er with different doses 
varying from 5x1012Er/cm2 to 1x1014Er/cm2 at different implantation energies (300keV 
to 1000keV). After Er implantation, the wafers were finally annealed at 950°C for 1 
minute in the RT A in order to remove the implantation damage and to activate the Er 
dopant. 
Set II: These types of samples were implanted in the opposite way to the 
samples of Set I. Er was first implanted at the same doses of Set I at an implantation 
energy of 400ke V and then annealed at 950°C for 1 minute. Then B was implanted into 
these annealed wafers at a dose of 1x1015/cm2 at 30keV. Then the conventional furnace 
anneal has been performed on these samples at 950°C for 20 minutes. 
Set III: This type of sample has been prepared in the same way as the samples of 
Set II. The only difference is that, the samples were annealed at 950°C for 1 minute after 
B implantation. 
Set IV: This set of samples consists of six samples implanted with Er only. Er 
implantation was caiTied out with different Er doses varying from 5x1012Er/cm2 to 
1x1014Er/cm2 at the same implantation energy of 400keV. Post implantation rapid 
thermal annealing has been caJ.Tied out on these samples at 950°C for 1 minute in 
nitrogen atmosphere. 
Annealing at 950°C for 20 minutes after B iinplantation in a nitrogen ambient 
has been carried out in a conventional furnace in order to introduce controlled 
dislocation loops near to the depletion region. All of these samples were used for PL 
and EL measurements and TEM analyses. 
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4.2.3 TEM Sample Preparation 
TEM is a useful technique to investigate the microstructure of materials. This 
technique can be applied to a wide variety of materials. This process involves transport 
of energetic electrons through a very thin sample of the material to be investigated. For 
TEM analyses, the sample must be sufficiently thin so that it can allow a beam of 
electrons passing through it to form an image [3]. At the same time, the sample tnust 
remain structurally stable during electron bombardment in a high vacuum. It is, 
definitely, a destructive technique, but it gives us direct access to the microstructure 
details of the material. 
Most of the works associated with the TEM analyses involve the sample 
preparation. This is a difficult task. In this work, both cross-sectional and plan view 
satnples have been prepared in order to investigate the structural properties of samples 
implanted with Er and B. Cross-sectional view samples were used to see the structural 
change and depth distribution in the perpendicular direction of implanted samples while 
defect distribution and size have been investigated in plan view samples. 
Cross-sectional view samples have been prepared in the following way: - First, 
the pre-sliced specimen wafer is glued onto a glass slide using low melting point wax 
and was cut into small pieces by using a 4x5mm rectangular cutting tool in an ultrasonic 
disc cutter. In addition to this, a dumtny wafer was also cut into the same size. After 
cleaning by acetone, two original sample pieces are glued together face to face by using 
Gatan epoxy glue. Four dummy wafers were also glued on either side of the glued 
specimen symmetrically to form a specimen stack of six pieces. A special spring loaded 
vice is used to bond the specimen stack together and kept it on a hot plate at 130°C for 
10 minutes in order to get a strong bond with an absolute minimutn of epoxy between 
the wafers. A round cylindrical tool of diameter 2.3mm has been used to cut a section 
from the middle of the stack and this is also glued inside a 3mm diameter copper tube 
with epoxy and kept on hot plate at 130°C for another 10 minutes. The sample contained 
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in the Cu tube was then sliced into small pieces to a thickness of 250 - ＳＵＰｾｊＬｭＮ＠ This 
small disc was then ground from both sides and dimpled until the thickness reached to 
20 - 30!J,m. Finally this mechanically pre-thinned sample was put into a Precision Ion 
Polishing System (PIPS) for ion milling. The ions were accelerated at 5keV with beam 
current of ＱＰＭＱＵｾａ＠ for each gun. The specimen is placed at 2-5 degree angular positions 
with respect to the ion gun. When the sample was thinned enough, a small hole 
developed at the middle of the interface region. The sample is then ready for 
microstructure studies under electron microscope. 
For plan view samples, a copper grid of diameter 3mm with a central hole was 
glued on the shiny surface of the sample. Then the sample was ground and polished 
from the bottom of the surface to a thickness of 20 - 30!J,m. Ion milling is the same as in 
the preparation of cross - sectional view samples. This thinned sample was put into a 
Philips CM-200 electron microscope for microstructural studies with an electron 
acceleration voltage of 200kV. A double tilting holder has been used to hold the 
sample, which could be tilted about its long axis and an axis perpendicular to the holder 
by up to 60°. 
4.3 PL Spectroscopy 
The PL spectroscopy was carried out using the 514nm line of an Ar+ laser at a 
nominal pump power of 150mW. The pump beam was passed tln·ough an optical 
chopper and then focused upon the sample mounted in a cryostat. The cryostat was 
supplied with a continuous flow of nitrogen vapor. Temperature of the cryostat was 
controlled by a temperature controller in a feedback loop arrangement. The 
luminescence from the sample was then focused onto the entrance slit of a Spex 
1702/04 spectrometer. The signal was then collected and analyzed with the spectrometer 
and detected with a liquid nitrogen cooled p-i-n Ge detector. A lock- in atnplifier was 
used to A.C. detect the chopped signal which is then fed to a computer ｣ｯｾｴｲｯｬｬ･ｲ＠ which 
is used to store and process all input parameters. 
65 
Chapter Four- Experimental Setup 
Reflective mirror _jLIL 
Figure 4.2 Schematic of experimental set up used for PL spectroscopy. 
4.4 EL measurements 
EL measurements were performed under forward bias condition. Like the PL 
experiments, the device was mounted on a specially made sample holder and was placed 
inside a continuous flow liquid nitrogen cryostat. Light was collected from the back 
window of the sample by a lens system and focused into the spectrometer and detected 
by a p-i-n Ge detector. The rest of the system is the same as the PL system. Diode 
polarization is forward when the metal contact of the top side (p-type) is biased positive 
with respect to the metal contact on the n -type Si substrate. A square pulse of 23Hz 
from a function generator has been supplied to the devices with driving current up to -
1 OOmA under forward bias conditions. 
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Figure 4.3 Schematic of experimental set up used for the EL spectroscopy. 
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RESULTS 
5.1 Introduction 
In this chapter we are going to present results on Si:Er samples obtained fron1 
TEM analyses and PL and EL tneasuretnents. TEM analyses provide us microstructural 
properties of Si:Er samples and devices in1planted at different ilnplantation and 
annealing conditions. This chapter also provides the schetnatic structure of our proposed 
dislocation engineered Si:Er LED and its 1-V characteristics. The Er etnission together 
with Si band edge en1ission obtained fron1 PL and EL measurements of those san1ples 
has also been presented in this chapter. 
We have used 26 Si:Er smnples prepared by the ion implantation technique and 
annealed at different tin1e and ten1perature to obtain optimun1 Er emission at roon1 
tetnperature. Four sets of samples are used for TEM analysis, PL and EL measurements. 
For easy reference it has been mentioned again that samples of Set I were first itnplanted 
with B followed by annealing at 950°C for 20 n1inutes. Then Er in1plantation was done 
on this B in1planted Si satnples at different Er doses and energies followed by another 
annealing at 950°C for 1 minute. Satnples of Set I were again divided into two groups. 
One group consists of san1ples itnplanted with different Er dose but at the satne 
implantation energy of 400keV. Satnples ilnplanted at different implantation energy but 
at the san1e Er dose of 5x1013Er/cnl2 tnake up the other group. In satnples of Set II, Er 
in1plantation was done before B in1plantation as opposite way to the satnples of Set I. 
Post in1plantation annealing has been done at 950°C for I minute and 20 minutes after 
Er and B itnplantation respectively. San1ples of Set III were prepared in the san1e 
processes as in Set II. The only difference is that after B itnplantation, the samples were 
annealed at 950°C for 1 minute. In Set IV, Er itnplantation was done only on the Si 
wafer followed by am1ealing at 950°C for 1 minute. The samples which were used for 
TEM, PL and EL 1neasurements through out this work have been presented below in 
table 5.1 
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Label I st Implant dose Annealing 2na In1plant dose Annealing 
Dopant and energy conditions Dopant and energy conditions 
Set I B IxlOD/cnll 950°C Er 5xl 0 1L/cnll 950°C 
30keV 20 1nin 400keV I min 
B } XI 0 15/CtllL 950°C Er 1x1 0 13/cm2 950°C 
30keV 20 1nin 400keV ltnin 
B lxi0 15/cm2 950°C Er 2xl0 13/cnl 950°C 
30keV 20 1nin 400keV 1 min 
B Ixl0 15/cm2 950°C Er 5x1013/cm2 950°C 
30keV 20 min 400keV Itnin 
B I xI 015/cn12 Iooooc Er 5x1 0 13/cm2 950°C 
30keV 20 n1in 400keV 1 tnin 
B I x1 01j/cm2 950°C Er lxl 0 14/cnl 950°C 
30keV 20 1nin 400keV I 1nin 
B lxl0 1'/cm2 950°C Er 5xi0 13/cnl 950°C 
30keV 20 n1in 300keV 1 min 
B lxiOD/cmL 950°C Er 5x 1 Ou/cmL 950°C 
30keV 20 1nin 500keV I n1in 
B lxlO"/cnl 950°C Er 5xl0 13/cm2 950°C 
30keV 20 tnin l.OMeV I 1nin 
Label l st Implant dose Annealing 2nd Implant dose Annealing 
Dopant and energy conditions Dopant and energy conditions 
Set II Er 5xl 0 1L/cmL 950°C B lxl0 1j/cmL 950°C 
400keV 1 min 30keV 20 1nin 
Er lxl0u/cm2 950°C B Ixi0 15/cnl 950°C 
400keV I min 30keV 20 n1in 
Er 2xlOu/cmL 950°C B lxi0 1:>/cn1L 950°C 
400keV I min 30keV 20 n1in 
Er 5xiOu/cmL 950°C B I xl OJ) /cmL 950°C 
400keV 1 min 30keV 20 1nin 
Er 1 xi 0 14/cn12 950°C B lxl0 15/cnl 950°C 
400keV 1 min 30keV 20 tnin 
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Label 1st In1plant dose Aru1ealing 211CI hnplant dose Annealing 
Dopant and energy conditions Dopant and energy conditions 
Set III Er 5xl0Ll/cmz 950°C B 1x10D/cmz 950°C 
400keV 1 min 30keV 1 min 
Er 1 x 1 Ou/cn1z 950°C B lx10 1)/cmz 950°C 
400keV 1 n1in 30keV 1 min 
Er 2xl0 13/cm2 950°C B lx10 15/cn12 950°C 
400keV 1 min 30keV 1 min 
Er 5xl0u/cnl 950°C B lx10D/cm2 950°C 
400keV 1 111il1 30keV I min 
Er 1xl014/cm2 950°C B 1x1015/cm2 950°C 
400keV 1 min 30keV 1 min 
Label Dopant hnplant dose and energy Annealing conditions 
Set IV Er 5x10 1z/ctnz, 400keV 950°C, 1 n1in 
Er 1xl0u/cmz, 400keV 950°C, 1 tnin 
Er 2xl0 1:'/cmz, 400keV 950°C, linin 
Er 5x10 13/cnl, 400keV 950°C, 1 min 
Er lxl0 14/cntl, 400keV 950°C, 1 min 
Table 5.1 List of Si: Er san1ples used during the research work. 
5.2 Integrated intensity calculation 
Later in this chapter, we will present PL and EL tneasuretnents of the samples. 
Most of the data is presented in the fonn of integrated intensity of the peak contribution 
to the total spectrum. The tnethod used for extracting the integration is described here. 
Total, Si, Er and defect related integrated PL and EL intensity has been calculated 
manually by using the trapezoidal rule through out the whole spectnnn. P L and EL 
spectra have been tnodified into intensity vs. energy in place of intensity as a function of 
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wavelength. The wavelength axis has been converted to an energy axis by using the 
following expression [1]:-
E = 1240 
A. 
where, E stands for energy in eV, and A for wavelength in nm. 
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Figure 5.1 A typical EL spectrum at 80K used for integrated intensity calculation. 
A typical spectrum of our samples at low temperatures is shown in figure 5.1. In 
general a spectrum is made up of three features:- the Si peak ｡ｴ ｾ＠ l.leV, the Er peaks at 
ｾ＠ 0.80eV and sometimes an additional 'defect' peak between those ｡ｴ ｾ＠ 0.932eV. Where 
peaks overlap, a simple manual fit has been made to extract the individual integrated 
intensity of the three features. At low temperature up to 240K, defect related 
luminescence is distinguishable around 1303nm. In this temperature range the defect 
related intensity has been calculated by extrapolating data to both sides of the peak. 
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Then we calculated Er and Si intensity. The peak at,...., 0.932eV moves towards lower 
energies as the temperature is raised and at higher temperatures above 2401(, there is no 
distinguishable peak at this wavelength. At temperatures above 240K, Er peak and 
defect related peaks merge into a broader peak at around 15 50nm with a long tail on 
both sides of spectrum. In that case, Er intensity has not been calculated directly from 
the difference between the total intensity and the Si intensity. Though we observed a 
broader peak around 1550nm, we do not know exactly how much Er is contributing in 
the spectrum. We assume that defect-related intensity is present at higher temperature as 
well. Therefore the whole spectrum at temperatures above 240K consists of two distinct 
features namely the Si peak at I. leV and the remaining one broad peak at around 0.8eV 
which contains bothEr and defect related peak. Experimentally obtained defect related 
integrated intensity plot has been extended up to 300K as per the trend seen in the plots 
(Fig 5.19-5.20, 5.39-5.41) and took the value of defect-related integrated intensity from 
the extrapolated data. After that we calculated the Er integrated intensity by subtracting 
the extrapolated value of defect related intensity from the remaining intensity. Because 
of this assumption we do not show the Er integrated intensity at 300K in some samples 
(Fig 5.17-5.18, 5.35 and 5.38). 
Three types of error can affect our plotted results. The first, point-to-point 
tneasurement error ( <2% ), is made negligible by suitable signal averaging whilst taking 
the measurements. Sample realignment error, when the samples are remounted and 
remeasured over the long term is typically ±10%. The third one, the fitting of the PL and 
EL spectra, which has been discussed in the section above. Except for the Er integrated 
intensity vs. temperature curves, solid line on the data points in all curves shows only, as 
a guide to the eye, the continuation of different points at different temperatures. 
5.2 Transmission Electron Microscopy 
TEM is a technique for the microstructural studies of any solid state material. It 
gives not only the structural change and depth distribution of implanted species inside 
the material but also gives us the damage and defect density and size in an ion imphuited 
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sample. In this work we have done TEM in both cross-sectional and plan view 
configuration of samples of Set I where B was implanted before Er implantation. 
Microstructure of one sample implanted withEr only (Set N) with a dose of 2xl 013 /cm2 
has also been analyzed by TEM. Stacking fault, dislocation loops and Er precipitates 
have been found in TEM results. We have done TRIM calculation for the ion range 
distribution within the Si surface before TEM. Our TEM results closely matched with 
estimated results from TRIM. Table 5.2 shows the TRIM results of all samples in terms 
of projected range and peak concentration of dopant atoms. 
TRIM Results 
Dopant Implant dose Implant Projected ion range Peak 
energy Rp concentration 
B lxlOD/cmz 30keV llOnm lxlOzu/cmJ 
Er 5xl01z/cm2 400keV 135nm 5.75xl017/cm3 
Er lxl013/cm2 400keV 135nm 1.15xl0Hs/cm3 
Er 2x10u/cmz 400keV 135nm 2.30xl01lS/cm3 
Er 5x10u/cmz 400keV 135nm 5.75x10.us/cmj 
Er lxl014/cm2 400keV 135nm 1.15xl019/cm3 
Er 5x10u/cm2 300keV 107nm 7.17x1018/cm3 
Er 5xl0u/cm2 500keV 160nm 4.85xlO.us/cmj 
Er 5xl013/cm2 l.OMeV 300nm 2.80xlO.us/cm3 
Table 5.2 Tabulated form of TRIM calculation showing the projected range and 
peak concentration of dopant atoms. 
74 
Chapter Five -Results 
Figure 5.2 Cross-sectional bright field TEM images of B (with a dose of 
lxl015B/cm2 at 30keV) and Er implanted silicon samples with Er dose of (a) 
5x1012Er/cm2 (b) 2x1013Er/cm2 (c) 5x1013Er/cm2 and (d) lx1014Er/cm2 with Er 
implantation energy of 400ke V. B implantation was done before Er and annealed 
at 950°C for 20 minutes. After Er implantation, samples were annealed at 950°C 
for 1 minute. 
Figure 5.2 shows cross-sectional bright field TEM images of B and Er implanted 
Si samples for different Er dose but at the same implantation energy. Er dose was varied 
from 5x1012Er/cm2 to lx1014Er/cm2 and the implantation energy was 400keV for all the 
samples. The Er concentration was in the range 5x1017Er/cm3 to 1.152x1019Er/cm3. The 
B implantation dose and energy were lx1015B/cm2 and 30keV respectively in order to 
get high B concentration as high as l.Ox 1 020B/cm3 for all samples. As seen from the 
figures a number of dislocation loops are observed in the implanted region with regular 
size and distribution. The observed loops are distributed beneath the silicon wafer 
surface in the range approximately 100-300nm. The dislocation loops density increases 
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with increasing Er dose. Maximum Er concentration lies in the region between 100 and 
140nm from the surface of Si. With higher Er dose, Er precipitates are observed. No 
regular shapes of dislocation loops are observed in the sample implanted with the 
highest Er dose. 
Figure 5.3 Plan view bright field TEM images of B (with a dose of lx1015B/cm2 at 
30keV) and Er implanted Si samples with Er dose of (a) 5x1012Er/cm2 (b) 
2x1013Er/cm2 (c) 5x1013Er/cm2 and (d) lxl0 14Er/cm2 with Er implantation energy of 
400keV. B implantation was done before Er and annealed at 950°C for 20 minutes. 
After Er implantation, samples were annealed at 950°C for 1 minute. 
Figure 5.3 shows the plan view TEM images of samples implanted with different 
Er dose at the same implantation energy. Dislocation loops of different diameter in the 
range 30-500nm have been observed which support the cross-sectional TEM images. 
The loop density varies from approximately 7x108-1.5x1010/cm2• The dislocation loop 
density increases with increasing Er dose. For higher Er dose (lx1014Er/cm2) , irregular 
shape and non-uniform distribution of dislocation loops are observed. Er precipitates 
have also been seen in this sample. 
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Figure 5.4 Cross-sectional bright field TEM images of B (with a dose of 
lx1015B/cm2 at 30keV) and Er (with a dose of 5x1013Er/cm2) implanted Si samples 
withEr implantation energy of (a) 300keV (b) 400keV (c) 500keV and (d) l.OMeV.B 
implantation was done before Er and annealed at 950°C for 20 minutes. After Er 
implantation, samples were annealed at 950°C for 1 minute. 
Cross-sectional TEM images of B (with a dose of lx1015B/cm2 and implantation 
energy of 30 keV) and Er implanted Si samples for same Er dose (5x1013 Er/cm2) but 
different Er implantation energy are shown in figure 5 .4. The Er concentration varies 
from 2-7.5x1018 Er/cm3 and maximum B concentration was lx1020 B/cm3 . Dislocation 
loops vary from 30-525nm diameter in size. For the sample implanted at lower 
implantation energy (300ke V), a smaller number of dislocation loops are observed from 
80nm extended down to 270nm beneath the silicon wafer surface. With higher 
implantation energy (l.OMeV), dislocation loops take a smaller size and shape but are 
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distributed at a much deeper position beneath the silicon wafer surface up to 600 nm as 
expected from the ion range distribution calculation. Very few dislocation loops are 
observed in the B distribution range. Er precipitates are also found for the high energy 
Er implanted samples. 
Figure 5.5 Plan view TEM images of B (with a dose of lxl015B/cm2 at 30keV) and Er 
(withEr dose of 5x1013Er/cm2) implanted silicon samples withEr implantation energy 
of (a) 300keV (b) 400keV (c) 500keV and (d) l.OMeV. After B and Er implantation, 
samples were annealed at 950°C for 20 minutes and for 1 minute respectively. 
Plan view TEM images of these four samples implanted at different energy are 
also shown in figure 5.5 Dislocation loops of different size and concentration are 
observed. The loop diameter varies from approximately 30-500nm. The sample 
implanted at the lower implantation energy shows dislocation loops of relatively bigger 
size. More loops of smaller size have been observed in samples implanted at higher 
energy. 
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Figure 5.6 Cross-sectional TEM images of (a) B (with a dose of lx1015B/cm2 at 
30keV) and Er implanted (with Er dose of 2xl013Er/cm2 at implantation energy of 
400ke V) Si sample (b) Only Er implanted Si sample with the same Er dose and 
implantation energy. After B and Er implantation, samples were annealed at 950°C 
for 20 minutes and for 1 minute respectively. 
Figure 5.6 shows the cross-sectional TEM images of B and Er co-implanted (a) 
and only Er (b) implanted Si samples respectively with the same Er dose and the same 
implantation energy. Dislocation loops of diameter from 50-220nm are seen in B and Er 
co-implanted sample started just below the silicon wafer surface extended down to 
250nm. The loops distribution coincides with the estimated ion range calculation 
(260nm). For Er-implanted sample, Er precipitates are observed near the peak 
concentration of Er during annealing. The precipitates are distributed in the ranges 120-
220nm below the silicon wafer surface with a size around 20-30nm. No dislocation 
loops are observed in the latter sample. Figure 5.7 shows the plan view images of these 
samples and the images also support the cross-sectional image of Er precipitate 
formation. 
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Figure 5.7 Plan view TEM images of (a) B (with a dose of lx1015B/cm2 at 30keV) 
and Er implanted (withEr dose of 2x10 13Er/cm2 at implantation energy of 400keV) Si 
sample (b) Only Er implanted Si sample with the same Er dose and implantation 
energy. After B and Er implantation, samples were annealed at 950°C for 20 minutes 
and for 1 minute respectively. 
Figure 5.8 Cross-sectional TEM images of BandEr co-implanted samples. After B 
implantation with a dose of 1x1015B/cm2 at 30keV, samples were annealed at (a) 
950°C and (b) 1000°C for 20 minutes. Er was implanted with a dose of 2xl013Er/cm2 
at 400ke V followed by annealing at 950°C for 1 minute. 
Figure 5.8 and 5.9 show the cross-sectional and plan view TEM images 
respectively of B and Er co-implanted samples annealed at two different temperatures. 
After B implantation, one sample has been annealed at 950°C for 20 minutes while the 
other one annealed at 1000°C for 20 minutes. Er implantation energy, dose and all other 
conditions are kept same for both the samples. For the sample annealed at the higher 
temperature, dislocation loops of different size are distributed from 1 OOnm to 185nm 
80 
Chapter Five -Results 
below the Si surface while the dislocation loops are distributed comparatively at a much 
deeper location from the sample edge in the sample annealed at the lower temperature. 
Figure 5.9 Plan view TEM images of B and Er co-implanted samples. After B 
implantation with a dose of lx1015B/cm2 at 30keV, samples were annealed at (a) 
950°C and (b) 1000°C for 20 minutes. Er was implanted with a dose of 
2xl0 13Er/cm2 at 400keV followed by annealing at 950°C for 1 minute. 
5.4 PL measurements 
PL measurements have been done on all samples given in table 5.1 in the 
temperature range from 80K to 300K and strongest room temperature Er emission has 
been obtained from the sample implanted with Er dose of 2x1013/cm2 at implantation 
energy of 400keV. An argon (Ar+) pump laser at wavelength of 514nm with laser power 
of 150mW has been used in PL measurements. Results obtained from different samples 
have been compared and presented in this section. 
Figure 5.10 shows typical PL spectra of sample implanted with Er of dose 
2x1013Er/cm2 but at the implantation energy of 400keV at 80K, 200K and 300K. At 
80K, the spectrum shows four clear peaks at around 1.129J.Lm (1.098eV), 1.265J.Lm 
(0.980eV), 1.55J.Lm (0.80eV) and 1.597J.Lm (0.7764eV). As the temperature increases, 
the peak at 1265 .5nm diminishes and disappears at temperatures above 200K. The peaks 
corresponding to 0.799eV and 0.7764eV increase with temperature up to 200K and then 
decrease and a considerable peak is observed at room temperature. The peak at 1.129J.Lm 
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decreases in intensity with increasing temperature and shifts towards the right as the 
temperature increases. 
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Figure 5.10 PL spectra at different temperature of sample (Set I) implanted with Er 
of dose 2xl013Er/cm2 but at an implantation energy of 400keV. B was implanted 
first at a dose of lxl 015B/cm2 and annealed at 950°C for 20 minutes. After Er 
implantation samples were again annealed at 950°C for I minute. 
As we see in figure 5.10 an unknown peak at 1265nm dominates the spectrum at 
lower temperature. We assume that this peak is originating from a defect related 
luminescence center. In this sample Er was implanted after B implantation. In order to 
investigate this unwanted peak in the spectrum, we prepared two sets of samples 
implanted in the opposite way of samples of Set I. We implanted Er first followed by 
rapid thermal annealing at 950°C for 1 minute. After that B implantation was done at the 
same dose and energy as in samples of Set I and annealed at 950°C for 20 minutes in 
samples of Set II. Samples of Set m were annealed at 950°C for 1 minute after B 
implantation. 
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Figure 5.11 PL spectra of samples implanted withEr of dose 2xl013Er/cm2 but at the 
implantation energy of 400keV of Set I, IT and III at 80K. The inset shows the defect 
related peak PL intensity at 1265nm with temperature. B was implanted at a dose of 
lx1015B/cm2 at 30keV and annealed at 950°C for 20 minutes. In Set I, B was 
implanted before Er implantation. In samples of Set IT and III, B was implanted after 
Er implantation and annealed at 20 minutes and 1 minute respectively. 
Figure 5.11 shows the PL spectra of a sample implanted at 2x1013Er/cm2 at the 
implantation energy of 400ke V of Set L II and ill at 80K. The inset shows the defect 
related peak PL intensity at 1265nm with temperature. As seen from the figure the peak 
intensity at 1265nm is greatly suppressed in samples implanted with Er first. Si band 
edge emission is higher in the sample annealed for 20 minutes after B implantation (Set 
II) but we lost the Er PL intensity considerably. Sample annealed at 1 minute after B 
implantation (Set ill) shows considerably smaller intensity due to the defect related peak 
and at the same time, we observed significant Si and Er emission at all temperatures. 
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Figure 5.12 PL spectra of samples (Set I) implanted with different Er dose but at the 
same implantation energy of 400keV at 300K. The inset shows the Er peak PL 
intensity as a function of Er dose at 300K. B was implanted before Er implantation 
at a dose of lxl015/cm2 and energy of 30keV. The samples were annealed at 950°C 
for 20 minutes and 1 minute after B and Er implantation respectively. 
Figure 5.12 shows the PL spectra obtained in samples implanted with different 
Er doses but at the same implantation energy of 400keV at 300K. The most intense 
room temperature Er PL signal is obtained from the sample implanted with Er of dose 
2xl 013 /cm2. The sample implanted with the lowest Er dose has a smaller signal with a 
broader tail at both ends of the wavelength range. The main Er3+ emission peak position 
is at 1550nm for all samples. The peak position does not change with temperature. 
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Total integrated PL intensity as a function of temperature of samples (Set I) 
implanted with different Er dose but at the same implantation energy of 400keV is 
shown in figure 5.13 . The integrated intensities here and in all the other plots presented 
have been integrated with respect to energy. The average temperature quenching ratio 
varies from - 2.2 to 5.30. The intensity quenched most in the sample implanted with the 
highest Er dose and the lowest dose shows the lowest quenching. The quenching trend is 
very similar to the EL results (presented in next section). Although the temperature 
quenching is smaller in the sample implanted with Er of dose 5x1012/cm2, the most 
intense room temperature signal at around ＱＮＵＴｾ＠ is observed from the sample 
implanted withEr of dose 2x1013/cm2. 
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Figure 5.13 Total integrated PL intensity versus temperature of samples (Set D 
implanted with different Er dose but at the same implantation energy of 400ke V. B 
was implanted before Er implantation at a dose of lx1015/cm2 and energy of 
30keV. The samples were annealed at 950°C for 20 minutes and 1 minute after B 
and Er implantation respectively. 
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Thermal quenching is considerably improved in samples of Set II and Set ill (not 
shown). But room temperature integrated intensity is not as strong as for the samples of 
Set l The quenching ratio is in the range of 1.095 -- 3.62 and 0.567 -- 2.69 respectively 
for samples of Set II and Set ill. Although the thermal quenching is improved in 
samples of Set II and Set ill, the total integrated intensity is bigger in all the samples of 
Set I in the temperature range investigated. In the sample implanted with the lowest Er 
dose in Set II, the total integrated intensity (not shown) decreases slowly with 
temperature up to 280K but beyond this point, the intensity falls sharply with 
temperature. Except for the sample implanted with the highest Er dose, the total 
integrated intensity decreases slowly with temperature. 
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Figure 5.14 Temperature dependence of total integrated PL intensity of samples 
(Set I) implanted at different implantation energy but with the same Er dose of 
ＵｸｬＰ Ｑ ｾｲＯ｣ｭ Ｒ •＠ B was implanted first at a dose of lxl015B/cm2 at 30keV and 
annealed at 9500C for 20 minutes. After Er implantation samples were again 
annealed at 950°C for 1 minute. 
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Figure 5.14 shows the temperature dependence of the total integrated PL intensity 
of samples (Set I) implanted at different implantation energy but with the same Er dose 
of ＵｸｬＰ Ｑ ｾｲＯ｣ｭ Ｒ Ｎ＠ The sample implanted at the lowest energy shows lower thermal 
quenching. The sample implanted at l.OMeV does not have any signal at room 
temperature. In addition to this, the total integrated PL intensity falls rapidly as the 
temperature goes from 80K to 1 OOK and then decreases slowly with increasing 
temperature up to 160K. No significant signal is observed beyond this temperature. The 
quenching trend is very similar to that in the EL (Presented in next Section). Although 
the thermal quenching is reduced in the sample implanted at 300keV, higher signal 
intensity at 1129.5nm and 1550nm has been observed in the sample implanted at 
400Ke Vat room temperature. 
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Figure 5.15 Si integrated PL intensity versus temperature of samples (Set I) 
implanted with different Er dose but at the same implantation energy of 400keV. B 
was implanted first at a dose of lxl0 15B/cm2 at implantation energy of 30keV and 
annealed at 9500C for 20 minutes. After Er implantation samples were again 
annealed at 950°C for 1 minute. 
87 
Chapter Five - Results 
Figure 5.1 S shows the Si integrated PL intensity versus temperature of samples 
(Set I) implanted with different Er dose but at the same implantation energy of 400keV. 
As seen from the figure, for all samples the Si integrated PL intensity increases with 
increasing temperature except in the sample implanted with Er of a dose of 2x1 013 /cm2. 
In this sample the intensity first increases with temperature up to 200K and then 
decreases with increasing temperature up to 300K. The room temperature intensity is 
still 3 ｾ＠ 4 times higher than that at 80K. The increasing trend is steeper in the sample 
implanted with the lowest Er dose. For all other samples, the intensity increases slowly 
with temperature. For samples in Set IT (not shown), the room temperature Si intensity 
always higher than that of at 80K except the sample implanted with the lowest Er dose. 
In this sample, room temperature PL intensity is smaller than that at 80K. For sample of 
Set m (also not shown), the increasing trend of Si integrated intensity is very similar to 
samples of Set I. But room temperature intensity is always higher in samples of Set I 
than samples of the other two sets. 
Figure 5.16 shows the temperature dependence of the Si integrated PL intensity of 
the samples (Set I) implanted at different implantation energy but at the same Er dose of 
5xl 013Er/cm2• As seen from the figure the Si integrated intensity increases with 
increasing temperature except in the sample implanted at l.OMeV. In this sample the 
intensity falls rapidly as temperature goes from 80K to 1 OOK and remains almost the 
same up to 160K and no signal is observed beyond this temperature. The lowest energy 
implanted sample has the highest Si integrated intensity at room temperature. 
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Figure 5.16 Temperature dependence of Si integrated PL intensity of samples (Set 
I) implanted with different implantation energies but at the same Er dose of 
5xl013/cm2• B was implanted first at a dose of lxl015B/cm2 at 30keV and annealed 
at 950°C for 20 minutes. After Er implantation samples were again annealed at 
950°C for 1 minute. 
Figure 5.17 shows the variation of Er integrated PL intensity with temperature 
for samples implanted with different Er doses but at the same implantation energy of 
400keV. Room temperature Er integrated PL intensity is greater than that at 80K except 
the sample implanted withEr of doselxl014/cm2. In the sample implanted at the second 
lowest Er dose, the intensity at 300K is comparable with respect to intensity at 80K. The 
most intense room temperature intensity has been observed from the sample implanted 
withEr of dose 2xl013/cm2. For the sample implanted with the highest Er dose, the Er 
intensity decreases with increasing temperature. But still a considerable intensity of 
signal has been observed at 300K. 
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Figure 5.17 Er integrated PL intensity as a function of temperature of samples (Set 
I) implanted with different Er dose but at the same implantation energy of 400ke V. 
B was implanted before the Er implantation at a dose of lxl0 15/cm2 and at an 
energy of30keV. The samples were annealed at 950°C for 20 minutes and 1 minute 
after B and Er implantation respectively. 
Temperature dependence of the Er integrated PL intensity of samples implanted at 
different implantation energy, but at the same Er dose, is shown in figure 5.18. As seen 
from the figure, only samples implanted at 400keV and 500keV give Er integrated 
intensity at 300K. No thermal quenching effect has been observed in the sample 
implanted at 400keV. Rather the Er integrated PL intensity at 300K is higher than that at 
80K. In the sample implanted at 500keV, the intensity increases with increasing 
temperature up to 240K and then decreases with temperature; but still the Er signal is 
observable at 300K. In the sample implanted at l.OMeV, no visible PL signal 1s 
observed at temperatures above 160K. However this sample gives EL at 300K. 
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Figure 5.18 Temperature dependence of Er integrated PL intensity of samples 
(Set I) implanted at different implantation energy but at the same Er dose of 
5xl013/cm2. B was implanted before Er implantation at a dose of lx l0 15/cm2 and 
energy of 30keV. The samples were annealed at 950°C for 20 minutes and 1 
minute after B and Er implantation respectively. 
Figure 5.19 shows the temperature dependence of defect related integrated PL 
intensity of samples implanted with different Er dose but at the same implantation 
energy of 400ke V. The trend of the defect peak is almost similar for all the samples and 
disappears at above 200 - 220K. However, the sample implanted with the lowest Er 
dose shows a smaller defect related integrated intensity through out the temperature 
range of investigation. 
The variation of defect related integrated PL intensity with temperature in 
samples implanted at different implantation energy but at the same Er dose is shown in 
figure 5.20. The sample implanted at l.OMeV does not show any defect related PL even 
at low temperature, 80K. Like samples implanted at different Er dose, the defect related 
signal disappears at temperatures above 200 - 220K. 
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Figure 5.19 Defect related integrated PL intensity as a function of temperature of 
samples (Set I) implanted with different Er dose but at the same implantation 
energy of 400keV. B was implanted before Er implantation at a dose of lxl015/cm2 
and energy of 30keV. The samples were annealed at 950°C for 20 minutes and 1 
minute after B and Er implantation respectively. 
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Figure 5.20 Temperature dependence of defect related integrated PL intensity of 
samples (Set I) implanted at different implantation energy but at the same Er dose 
of 5xl013/cm2• B was implanted before Er implantation at a dose of lxl015/cm2 and 
energy of 3 Oke V. The samples were annealed at 950°C for 20 minutes and 1 
minute after BandEr implantation respectively. 
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5. 5 EL measurements 
Strong room temperature PL has been reported in the literature but EL in a 
practical device application at room temperature has not been achieved to date. Proper 
engineering of the device has to be done in order to incorporate Er in the right part of the 
device to get strong EL at room temperature. Several devices have been made by the 
ion implantation technique and we obtained EL as well as PLat room temperature. EL 
measurements were performed from 80K to 300K under forward bias with a forward 
current of 20mA No EL was observed under reverse bias. The diode was forward 
biased when the Al contact on the p-side is made positive with respect to the Au/Sb 
contact on then-side. 
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Figure 5.21 Schematic of a dislocation engineered Si:Er LED fabricated by ion 
implantation technique. The photon emission in the infrared region is collected 
through the back window left between the bottom contacts. 
A schematic of the light emitting Si:Er diode structure fabricated by 
conventional ion implantation technique is shown in figure 5.21. Er was initially 
implanted into an n-type Si substrate with doses varying from 5xl 012 to 1 xl Ｐ Ｑ ｾｲＯ｣ｭ Ｒ＠ at 
an implantation energy of 400keV. Then the Er implanted Si substrate was annealed at 
950°C for 1 minute in Nz ambient After that the B implantation was performed on this 
Er implanted wafer at a dose of lx1015B/cm2 at the implantation energy of30keV. Then 
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the wafer is again annealed at 950°C for 1 minute. B implantation is done in order to 
introduce dislocation loops and to form a p-n junction. Ohmic contacts were made by 
vacuum evaporation of Al on the B doped side while Au/Sb was evaporated on then-
type Si substrate. The device area of0.8 mm2 was formed after sintering at 360°C for 2 
minutes. 
I-V measurements have been done on these devices at room temperature and it 
shows typical diode characteristics. Such an 1-V characteristic is shown in figure 5.22 at 
room temperature from a device implanted with Er of dose 5xl 012Er/cm2 at implantation 
energy of 400keV. The threshold voltage is around 0.3V. 
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Figure 5.22 Room temperature 1-V characteristics of the light emitting device 
implanted withEr of dose 5xl012/cm2 at implantation energy of 400keV. Er was 
implanted first followed by annealing at 950°C for 1 minute. Then B was implanted 
with a dose of lxl015/cm2 at the implantation energy of 30keV. The samples were 
again annealed at 950°C for 1 minute. 
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Figure 5.23 shows the whole EL spectra of a sample implanted withEr of dose 
5xl013Er/cm2 at implantation energy of 400keV (Set I) at 80K, 160K, 200K and 300K. 
Similar to PL spectra, we see five dominant peaks at 1127.5nm(1.0997eV), 
1281.25nm(0.968eV), 1333.75nm(0.929eV), 1551.25nm(0.799eV) and 1596.25nm 
(0.777eV) at 80K. The peaks corresponding to 0.968eV and 0.929eV are dominant in 
the spectrum at lower temperature. As the temperature increases, these two peaks start to 
decrease and disappear at temperatures above 200K. Three sharp peaks at 1518nm 
(0.816eV), 1551.25nm (0.799eV) and 1596.25nm (0.777eV) with a longer tail towards 
shorter wavelength have also been observed at 200K. As the temperature increases, 
these three peaks merge into a broader peak at 1550nm with a long tail towards higher 
energy. The peak corresponding to 1.0997eV decreases monotonically with increasing 
temperature and becomes broader and shifts toward longer wavelength at room 
temperature. 
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Figure 5.23 EL spectra of samples (Set D implanted withEr dose of 5x l013Er/cm2 
at an implantation energy of 400ke V at different measurement temperatures. B was 
implanted at a dose of lxl015Er/cm2 at 30keV before Er implantation and annealed 
at 950°C for 20 minutes. After Er implantation, samples were again annealed at 
950°C for 1 minute. 
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Figure 5.24 shows EL spectra of samples implanted with Er of dose 
5x1 Ｐ Ｑ ｾｲＯ｣ｭ Ｒ＠ at the implantation energy of 400keV of Set L II and III. The inset shows 
the defect related peak EL intensity at 1333. 75nm as a function of temperature. Very 
similar to the PL, the defect related peak EL intensity is greatly suppressed in samples of 
Set II and III. In samples of Set II, the defect peak intensity has almost disappeared but 
the Er signal decreases significantly. On the other hand, in the samples of Set ill where 
annealing was done for 1 minute after B implantation, significant Si and Er signals have 
been observed. 
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Figure 5.24 EL spectra at 80K of samples implanted withEr of dose ＵｸｬＰ Ｑ ｾｲＯ｣ｭ Ｒ＠ but 
at the implantation energy of 400ke V of Set I, ll and Ill. The inset shows the defect 
related peak EL intensity at 1333 .75nm with temperature. B was implanted at a dose 
of lx1015B/cm2 at 30keV and annealed at 9500C for 20 minutes. In Set I, B was 
implanted before Er implantation. In samples of Set II and lli, B was implanted after 
Er implantation and annealed for 20 minutes and 1 minute respectively. 
EL spectra of samples (Set I) implanted with different Er dose but at the same 
implantation energy of 400ke V measured at 300K are shown in figure 5.25. The inset 
shows the Er peak EL intensity as a function of Er implantation dose at 300K. As seen 
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from the figure, as the Er implantation dose increases the peak intensity at around 
1550nm increases up to Er dose of 5xl013Er/cm2 and then starts to decrease at higher 
dose. The sample implanted with smaller Er dose has a broader peak with a long tail 
towards the higher energy range. The most intense peak has been observed from the 
sample implanted with the Er dose of 5xl013Er/cm2 at 300K. At this temperature, 
smaller peaks at 1431.25nm, 1521.25nm, 1592.5nm and 1626.25nm have also been 
observed in this sample. At temperatures at 200K and below, the peak at 1550nm 
increases with increasing Er doses. At 80K, the most intense peak has been observed 
from the sample implanted with Er dose of lxl014_Er/cm2 (not shown). Very similar 
smaller sub peaks have also been observed in all samples. The peaks become broader 
with increasing temperature. At 80K, the peak at 1385nm also increases with increasing 
Er dose up to the order of 1 013 and then starts to decrease with increasing dose. The 
general trend of the EL spectra is very similar in all samples. 
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Figure 5.25 EL spectra at 300K of samples (Set I) implanted with different Er dose 
but at the same implantation energy of 400ke V. The inset shows the Er peak EL 
intensity as a function of Er dose at 300K. B was implanted first at a dose of 
lxl015B/cm2 and at the implantation energy of 30keV and annealed at 950°C for 20 
minutes. After Er implantation samples were annealed at 950°C for 1 minute. 
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Figure 5.26 EL spectra at 300K of samples (Set D implanted with the same Er dose 
of 5xl013/cm2 but at different implantation energy. The inset shows the Er peak EL 
intensity at 300K as a function of implantation energy. B was implanted first at a 
dose of lxl015B/cm2 at 30keV and annealed at 9500C for 20 minutes. After Er 
implantation samples were annealed at 950°C for 1 minute. 
Figure 5.26 shows the EL spectra of samples (Set I) implanted with the same Er 
dose of ＵｸｬＰ Ｑ ｾｲＯ｣ｭ Ｒ＠ but at different implantation energy at 300K. The inset shows the 
Er peak EL Intensity at 300K as a function of implantation energy. As seen from the 
figure the most intense peak at around 1550nm is observed in the sample implanted at the 
implantation energy of 400keV. Above and below this implantation ･ｮ･ｲｧｹｾ＠ the peak 
intensity decreases. There is no Er peak observed from the sample implanted at an 
implantation energy of l.OMeV at 300K. For the sample implanted at lowest 
implantation energy of ＳＰＰｫ･ｖｾ＠ the observed peak is broader as compared to other 
samples and has a longer tail towards the shorter wavelength of the spectrum. At 
temperatures below ＲＰＰｾ＠ the intensity increases with increasing implantation energy up 
to 500keV (not shown). At ＸＰｋｾ＠ the peak intensity is almost identical with samples 
implanted at 400keV and 500keV. At this ｴ･ｭｰ･ｲ｡ｴｵｲ･ｾ＠ the main peak in the sample 
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implanted at 300keV is 5 times smaller than that of the other two samples. The most 
intense peak around 1285nm is observed in the sample implanted at 400keV. Above and 
below this implantation energy, samples show a relatively smaller peak at 1285nm. No 
such peak is observed in the sample implanted at 1. OMe V. 
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Figure 5.27 Temperature dependence of the total integrated EL intensity of 
samples (Set I) implanted with different Er dose but at the same implantation 
energy of 400keV. B was implanted before Er implantation at a dose of 
lxl0 15B/cm2 at 30keV followed by annealing at 950°C for 20 minutes. After Er 
implantation, samples were annealed at 9500C for 1 minute. 
The total integrated EL intensity of samples (Set I) implanted with different Er 
dose but at the same implantation energy of 400keV as a function of temperature is 
shown in figure 5.27. As seen from the figure the EL intensity at 80K increases with 
increasing Er dose. For all samples, the integrated EL intensity decreases with 
increasing temperature. The average temperature-quenching ratio is in the range of 1.5 
to 3 for all samples as the temperature goes from 80K to 300K. For the lower Er dose, 
the intensity decreases slowly with increasing temperature up to 160K and then remains 
almost constant with increasing temperature. But for the higher Er doses, the intensity 
decreases rapidly up to 120K then decreases slowly with further increasing temperature. 
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For medium Er dose, the decreasing trend is steeper up to 160K and then slows with 
temperature. At 300K, the intensity is almost identical for the last three samples. 
Figure 5.28 shows the temperature dependence of total integrated EL intensity of 
samples (Set IT) implanted with different Er dose but at the same implantation energy of 
400keV. As seen from the figure the intensity is decreasing with increasing temperature 
but the trend is not similar to samples of Set I. Considerable improvement is observed in 
this set of samples. The quenching ratio is in the range of 1.30 to 2.50. Room 
temperature intensity of this sample is about 8 - 12 times lower than that of samples of 
Set l The sample implanted with the second highest Er dose is giving 10 - 20 times 
smaller intensity than that from other samples of this group. 
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Figure 5.28 Temperature dependence of total integrated EL intensity of samples 
(Set II) implanted with different Er dose but at the same implantation energy of 
400ke V. After Er implantation, samples were annealed at 9500C for 1 minute. B 
was implanted after Er implantation at a dose of lxl015B/cm2 at 30keV followed 
by annealing at 950°C for 20 minutes. 
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The total integrated intensity versus temperature of samples of Set ill is plotted in 
figure 5.29. From the figure, it can be seen that the temperature quenching is virtually 
zero for all samples. Moreover, in the sample implanted with the lowest Er dose, the 
integrated intensity increases with increasing temperature up to 280K and then decreases 
at 300K but the intensity at 300K is still higher than that at 80K. 
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Figure 5.29 Temperature dependence of total integrated EL intensity of samples 
(Set lli) implanted with different Er dose but at the same implantation energy of 
400keV. After Er implantation, samples were annealed at 950°C for 1 minute. B 
was implanted after Er implantation at a dose of 1x1015B/cm2 at 30keV followed 
by annealing at 950°C for 1 minute. 
The temperature dependence of the total integrated EL intensity of samples (Set I) 
implanted with the same Er dose but at different implantation energy is plotted in figure 
5.30. The quenching ratio is in the range of 2 to 4.70. The sample implanted at the 
lowest energy has the lowest temperature quenching. On the other hand, the highest 
101 
Chapter F iye - Results 
temperature quenching is observed in sample implanted at energy of l.OMeV. The 
decreasfhg trend of intensity with temperature is not the same for all samples. For the 
sample implanted at 400keV, the intensity decreases rapidly up to 120K and then 
decreases slowly with temperature. For the sample implanted at l.OMeV, the intensity 
also decreases with temperature up to 200K but then remains constant until reaching 
room temperature. No PL was observed at temperature above 160K from the samples 
implanted at the highest energy. 
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Figure 5.30 Total integrated EL intensity of samples (Set I) implanted at different 
implantation energy but at the same Er dose of 5xl 013Er/cm2 as a function of 
temperature. B was implanted before the Er implantation at a dose of lxl0 15B/cm2 
at 30keV followed by annealing at 950°C for 20 minutes. After Er implantation, 
samples were annealed at 950°C for 1 minute. 
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Temperature dependence of the Si integrated EL intensity of samples (Set I, II 
and ill) implanted at different Er doses but at the same implantation energy is shown in 
figures 5.31, 5.32 and 5.33 respectively. In all three sets of samples, room temperature 
intensity is higher than that at 80K. In Set I, the sample implanted with the lowest Er 
dose gives the highest intensity throughout the temperature range. The increased ratio 
of intensity varies in the range of2- 4.6 between 80K and 300K. Although the sample 
implanted withEr at a dose of lxl01J:Er/cm2 shows the higher incremental change in 
intensity from 80K to 300K nevertheless, it did not give so strong a Si peak as 
compared to the sample implanted with an Er dose of 5xl Ｐ Ｑ ｾｲＯ｣ｭ Ｒ Ｎ＠
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Figure 5.31 Temperature dependence of Si integrated EL intensity of samples (Set 
I) implanted with different Er dose but at the same implantation energy of 400keV. 
B was implanted before Er at a dose of lxl015B/cm2 at the implantation energy of 
30keV followed by annealing at 9500C for 20 minutes. After Er implantation, 
samples were annealed at 950°C for 1 minute. 
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Figure 5.32 Temperature dependence of Si integrated EL intensity of samples 
implanted with different Er dose but at the same implantation energy of 400ke V. Er 
implantation was performed before the B implantation followed by annealing at 
950°C for 1 minute. B was implanted after Er at a dose of lxl015B/cm2 at the 
implantation energy of 30keV and annealed at 9500C for 20 minutes. 
In samples of Set IT, the integrated intensity first increases with temperature up to 
a maximum value at around 200K and then decreases with increasing temperature. But 
the room temperature intensity is still higher than that at 80K. The sample implanted 
with the Er dose of 5x1 013Er/cm2gives 10 - 15 times lower intensity than the other 
samples of this set. 
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In Set ill, the intensity also increases with temperature like the samples of the 
other two Sets. The sample implanted with the lowest Er dose shows the highest 
intensity at 300K and the sample implanted with the highest dose shows lowest 
intensity at 80K. The EL trend is very similar to other samples. 
As a whole, samples of Set I gave higher Si signal at 300K than other two sets of 
samples. Among those samples in Set L the sample implanted with the lowest Er dose 
(less damage sample) gives the most intense room temperature Si signal 
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Figure 5.33 Temperature dependence of Si integrated EL intensity of samples 
(Set III) implanted with different Er dose but at the same implantation energy 
of 400keV. Er implantation was performed before the B implantation followed 
by annealing at 950°C for 1 minute. B was implanted after Er at a dose of 
lxl0 15B/cm2 at the implantation energy of 30keV and annealed at 950°C for 1 
minute. 
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Figure 5.34 Temperature dependence of Si integrated EL intensity of samples 
(Set I) implanted at different implantation energy but at the same Er implantation 
dose of 5xl013Er/cm2• B implantation was done with a dose of lxl015Er/cm2 at 
30keV before Er implantation followed by annealing at 9500C for 20 minutes. 
After Er implantation, samples were annealed at 950°C for 1 minute. 
Figure 5.34 shows the Si integrated intensity as a function of temperature of 
samples (Set I) implanted with the same Er dose of 5xl Ｐ Ｑ ｾｲＯ｣ｭ Ｒ＠ but at different 
implantation energy. As seen from the figure, the integrated intensity increases with 
temperature in all samples except the sample implanted at l.OMeV. The sample 
implanted at 400ke V gives the most intense room temperature intensity. 
Variation of the Er integrated EL intensity with temperature of samples (Set L Set 
II and Set ill) implanted with different Er doses but at the same implantation energy of 
400keV is shown in figures 5.35, 5.36 and 5.37 respectively. As seen from the figure, 
the sample implanted with the lowest Er dose gives an Er peak up to temperature of 
280K. At 300K, light emission at around 1550nm has been observed but we are not sure 
how much signal intensity is contributed just by the Er luminescence. Assuming some 
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defect related luminescence is still present at 300K by extrapolating the defect related 
data up to this temperature and subtracting, we find the Er signal intensity is more or 
less the same through out the temperature range in this sample. For samples implanted 
with Er of dose ｬｸｬＰ Ｑ ｾｲＯ｣ｭ Ｒ＠ and ＲｸｬＰ Ｑ ｾｲＯ｣ｭ Ｒ Ｌ＠ Er intensity is clearly separable until 
240K but visual extrapolation at the lower temperature data would suggest it remains 
constant after this. For the sample with higher Er dose, the intensity decreases with 
increasing temperature. 
• 5x10
12 
• 1x10
13 A 2x1013 • 5x10
13 
.. 1x1014 
3.5 
3.0 
'S 
.!!. 2.5 
ｾ＠
• i 2.0 
u:t j 1.5 
l! f 1.0 
.5 
... 
w 
0.5 
0.0 
50 100 150 200 250 300 350 
Temperature, K 
Figure 5.35 Er integrated EL intensity as a function of temperature of samples (Set 
I) implanted with different Er dose but at the same implantation energy of 400ke V. 
B implantation was done before Er implantation with a dose of lxl0 15Er/cm2 at 
30keV followed by annealing at 950°C for 20 minutes. After Er implantation, 
samples were annealed at 950°C for 1 minute. 
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The quenching ratio of the Er integrated intensity varies in the range of 1.40 to 
3.80 in samples of Set IT as temperature goes from 80K to 300K. The quenching effect 
increases with increasing Er dose. The sample implanted with the Er dose of 
ＵｸＱＰ Ｑ ｾｲＯ｣ｭ Ｒ＠ gives 5-10 times smaller Er EL intensity as compared to other samples in 
this set. At lower temperature, the highest intensity has been observed in the sample 
implanted with the highest Er dose. Unlike the samples in Set I, Er integrated EL 
intensity can be clearly observed in all these samples at 300K. 
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Figure 5.36 Er integrated EL intensity as a function of temperature of samples (Set 
II) implanted with different Er doses but at the same implantation energy of 
400keV. Er implantation was carried out before B implantation followed by 
annealing at 950°C for 1 minute. B was implanted at a dose of lxl015B/cm2 at the 
implantation energy of30keV and annealed at 9500C for 20 minutes. 
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Improvement of thermal quenching has been observed in all samples of Set ill. 
Likewise in the samples of Set ll, Er emission was observed at 300K. Samples 
implanted with an Er dose of 5x1 012Er/cm2 and 1 x1 013Er/cm2 respectively show greater 
integrated Er intensity at 300K than that at 80K. For the remaining three samples, the 
quenching effect is observable at 300K. But is not the same as in the samples of Set I. 
The Er integrated intensity is bigger than those samples of Set ll at 300K. 
• 5x10
12 
• 1x10
13 A 2x1013 
• 5x10
13 
• 1x10
14 
0.32 
0.28 
S' 
.!! 0.24 ｾ＠
!! 
! 0.20 
m 0.16 i 0.12 
.D 0.08 
0.04 
0.00 
50 100 150 200 250 300 350 
Temperature, K 
Figure 5.37 Er integrated EL intensity as a function of temperature of samples (Set Ill) 
implanted with different Er dose but at the same implantation energy of 400ke V. Er 
implantation was carried out before B implantation followed by annealing at 950°C for 
1 minute. B was implanted at a dose of 1x1 015B/cm2 at the implantation energy of 
30ke V and annealed at 950°C for 1 minute. 
Although we do not know the exact Er contribution to the EL intensity at around 
1550nm at 300K, in summary the samples of Set I give more intense signal than the 
other two sets through out the measuring temperature range. 
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Figure 5.38 Er integrated EL intensity as a function of temperature of samgles (Set I) 
implanted at different implantation energy but at the same Er dose of 5xl 0 ｾｲＯ｣ｭ Ｒ Ｎ＠ B 
implantation was done before Er with a dose of ｬｸｬＰ Ｑ ｾｲＯ｣ｭ Ｒ＠ at 30keV followed by 
annealing at 950°C for 20 minutes. After Er implantation, samples were annealed 
again at 950°C for 1 minute. 
Figure 5.38 shows the Er integrated EL intensity with temperature of samples 
(Set I) implanted at different implantation energy at an Er dose of 5xl013Er/cm2. The 
annealing conditions are the same for all samples. As seen from the figure, no 
temperature quenching has been observed in the sample implanted at the lowest energy, 
rather the intensity increases with increasing temperature. In the remaining three 
samples implanted at 400keV, 500keV and l.OMeV respectively, temperature 
quenching behavior is observed. The sample implanted at the highest implantation 
energy gives very low intensity as compared to the other samples implanted at lower 
energtes. 
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Figure 5.39 Defect related integrated EL intensity as a function of temperature 
of samples (Set I) implanted at different Er doses but at the same implantation 
energy of 400ke V. B implantation was done before Er implantation at a dose of 
lxl015Er/cm2 at 30keV followed by annealing at 950°C for 20 minutes. After Er 
implantation, samples were again annealed at 950°C for 1 minute. 
Figures 5.39, 5.40 and 5.4l(i) show the defect related integrated EL intensity as a 
function of temperature of samples of Set I, Set IT and Set ill respectively. As seen 
from the figures, samples of Set I showed a defect related signal up to 240K while in 
samples of the other two sets, defect related intensity disappears at temperature above 
200K. The defect peak in the samples implanted with B before Er dominates at low 
temperature and the fast thermal quenching of this peak determines the general trend in 
the quenching behavior up to 240K. After that this damage peak disappears and the 
behavior is determined largely by the Si peak. This defect related intensity is 
considerably suppressed or reduced in the samples of Set IT and Set ill. 
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Figure 5.40 Defect related integrated EL intensity as a function of temperature of 
samples (Set II) implanted with different Er doses but at the same implantation 
energy of 400keV. Er implantation was carried out before B followed by annealing 
at 950°C for 1 minute. B was implanted after Er at a dose of lxl015B/cm2 at the 
implantation energy of30keV and annealed at 9500C for 20 minutes. 
Again, figure 5.4l(ii) shows the defect related integrated EL intensity with 
temperature of samples (Set I) implanted at different implantation energy. As seen from 
the figure the lowest energy implanted sample has the lowest intensity and the 
decreasing trend is slower as compared to the other two samples. With the higher 
implantation energy, the intensity falls sharply up to 120K and then decreases slowly 
with increasing temperature and completely disappears at temperatures above 240K. 
No defect related signal is observed from the sample implanted at an implantation 
energy of l .OOMeV. 
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Figure 5.41 Defect related integrated EL intensity as a function of temperature of 
samples (i) implanted with different Er doses but at the same implantation energy 
of 400keV. Er was implanted before B. Samples were annealed at 950°C for 1 
minutes each after B and Er implantation respectively. (ii) implanted at different 
implantation energy but at the same Er dose of 5xl 013Er/cm2 followed by annealing 
at 950°C for 1 minute. B was implanted before Er with a dose of lxl015Er/cm2 at 
30keV followed by annealing at 950°C for 20 minutes. 
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5.6 Annealing time and temperature effect on PL and EL spectra 
In order to see the effect of annealing temperature on Er luminescence, we have 
performed isothermal annealing at 950°C on samples of Set n and Set ill after Er and B 
implantation. Samples of Set II have been first implanted withEr followed by annealing 
at 950°C for 1 minute. B implantation has been done on Er implanted samples followed 
by another annealing at 950°C for 20 minutes. In samples of Set m, after B 
implantation samples were annealed at 950°C for 1 minute. Implantation conditions 
remain the same for both sets of samples. 
In an another experiment, we performed isochronal (20 minutes) annealing on 
two samples of Set I implanted at the same Er dose and energy at 1 000°C and at 950°C 
after B implantation in order to see the effect of high temperature annealing on PL and 
EL spectra. Er implantation conditions and annealing parameter after Er implantation 
were kept constant for both samples. PL and EL measurements were also identical. 
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Figure 5.42 EL spectra at 300K of B and Er co-implanted samples annealed at 
950°C for 20 minutes (Curve II) and 1 minute (Curve lll) after B implantation. Er 
was implanted with a dose of 5xl013Er/cm2 at 400keV. B was implanted after Er 
with a dose of lxl015Er/cm2 at 30keV. 
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Figures 5.42 and figure 5.43 show the ELand PL spectra at room temperature of 
samples co-implanted with B and Er respectively. It can be seen from the figures that 
both ELand PL spectra are improved in the samples annealed at lower temperature and 
shorter period. We have performed both PL and EL measurements in the temperature 
range from 80K ｾ＠ 300K and observed the same results through out the temperature 
ranges. 
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Figure 5.43 PL spectra of B and Er co-implanted samples (Set I) annealed at 
950°C and 1000°C after B implantation. B was implanted before Er with a dose of 
1xl015Er/cm2 at 30keV. Er was implanted with a dose of 5x1013Er/cm2 at 400keV 
followed by annealing at 9500C for 1 minute. 
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DISCUSSIONS 
6.1 Introduction 
We have done a number of EL and PL measurements and TEM analyses on 
different Si:Er samples prepared at different conditions. The results of those 
measurements have been presented in the previous chapter. We have observed a 
considerable room temperature Er emission along with strong Si band edge emission 
from all these samples. 
This chapter gives details analyses on the result observed in PL, EL 
measurements and TEM findings. A full discussion on the observation of experimental 
findings is also included in this chapter. 
6.2 TEM Results 
We know that ion implantation introduces defects in the crystal materials due to 
interaction of dopant atom with the atoms of the host materials. As a result, post 
implantation annealing treatment at suitable temperature and time is necessary to repair 
the damage to an acceptable level and to activate the dopant atoms both electrically and 
optically. But nucleation, growth and dissolution of defects are strongly dependent on 
the annealing time and temperature [1]. At low annealing temperature, each of these 
three stages of defects exists for a longer period. For B or P implanted Si, Si starts 
recovering crystalline quality at 600°C. Annealing in the temperature range of 600°C -
700°C leads to the formation of some rod-like defects comprising of Si interstitials. Heat 
treatment between 700°C and 900°C causes either the shrinking of these rod-like defects 
by emission of interstitials into the adjoining Si lattice or to form larger defects by 
coalescing together. At temperature above 900°C, these defects disappear and form 
dislocation loops. The observed loops located at the projected distribution range of B 
and Er atoms supports that the damage is caused by ion implantation. 
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The observed dislocation loops of vacancy type or interstitial type and are caused 
by B implantation as found in literature in B [2] and Si [3] implanted Si samples. As the 
B implantation energy and dose are the same for all samples, the damage distribution 
and range are almost identical in all samples (Fig 5 .2). The Er implantation pushes the 
defects to deeper positions from the Si edge due to the higher Er implantation energy. 
No Er precipitates are fotmed at the lower Er dose due to the solid solubility 
limit of Er in Si. The reported [ 4] threshold value for the formation of Er precipitates is 
about lx1018Er/cm3. When the Er concentration is higher than the threshold value, Er 
precipitates are formed. At lower Er dose, most of the Er atoms dissolve into the Si 
matrix forming no precipitates. As the dose increases, the concentration increases. When 
it is beyond the solid solubility limit, Er precipitates form as observed in our samples. 
Uneven loop size observed for higher Er dose might be due to Er precipitation formation 
at the dislocation boundary. 
As seen from the figure 5 .4, the Er distribution range increases approximately 
linearly with implantation energy as expected. With higher implantation energy, Er 
atoms penetrate to the deeper position from the edge of Si and form damage there. Very 
few dislocation loops are found in the B distribution range, which might be due to two 
stages of annealing at higher temperature after B implantation. The lower concentration 
and decreased diameter of dislocation loops with increasing Er implantation energy has 
been attributed to the low interaction of incoming energetic Er ions with Si atoms. 
Implantation energy also affects the formation of precipitates as seen from the figure. 
Duan et. a/. [5] did not see any Er precipitates in Er and 0 implanted Si samples with 
Er concentration of 5xl017/cm3 at an energy of 400keV and 0 peak concentration of 
3x1018/cm3. But Eaglesham et. at. [6] observed Er precipitates in Er doped Si sample 
withEr concentration of 1.3xl018/cm3 at an energy of500keV annealed at 900°C for 30 
minutes. 
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From figures 5. 6 and 5. 7, no Er precipitates are observed in B and Er implanted 
sample due to the lower concentration of Er in that sample. All Er atoms dissolve into 
the Si matrix upon annealing. The effect of Er implantation at lower dose is to push the 
dislocation loops deeper away from the Si surface. On the other hand, Er precipitates are 
found in the Er only implanted sample. No changes of reflection during the tilting of the 
specimen and no diffraction spot from these defects seen in TEM indicate these small 
defects are precipitates rather than dislocation loops. It has been reported that the 
concentration of Er precipitates increases with increasing Er dose [ 4] and energy [ 6]. 
Clearly therefore, the presence of dislocation loops increases the solid solubility limit of 
Er over that in pure Si via interaction with the dislocations. Further investigation of this 
was beyond the scope of this study but would be worthy future investigations. 
Figures 5.8 and 5.9 show that the dislocation density is low and size is bigger in 
the sample annealed at 1 000°C for 20 minutes as compared to the sample annealed at 
950°C for 20 minutes. We know that dislocation loops form when annealed at 
temperature above 900°C. But the size and shape of these dislocation loops vary with 
annealing time and temperature. As annealing time or temperature increases, dislocation 
loops become bigger and their concentration decreases. Most of the dislocation loops 
observed are Si interstitial loops. When heated, they agglomerate and form bigger 
dislocation loops. Moreover high temperature annealing pushes the dislocation loops 
from deeper to shallower positions due to diffusion of point defects towards the surface. 
6.3 Discussion on EL and PL observations 
6.3.1 Peak positions 
Both in PL (Figure 5.10) and EL (Figure 5.23) measurements, three different 
peaks at 1150nm, 1550nm and 1597nm at room temperature have been observed. The 
peak corresponding to 1150nm represents the Si band edge luminescence. By nature, c-
Si is not an efficient light emitter due to its indirect band gap structure. In dislocation 
engineered LED, controlled dislocation loops introduced by ion implantation followed 
by suitable thermal annealing confine the charge carriers spatially within the band gap 
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and recombine to give strong emission at 1150nm. The shifting of the Si peak towards 
lower energy with increasing temperature is due to the usual variation of band gap with 
temperature. 
Two peaks at 1550nm and 1597nm corresponding to photon energies of0.799eV 
and 0.776eV respectively belong to the characteristic luminescence from Er3+ ion and 
have been attributed to its intemal4f- shell transition from the first excited state (411312) 
to the ground state (411st2). These luminescence lines do not change with temperature. 
The crystal field of Si splits each single energy state of a free El+ ion into a manifold of 
sublevels with slightly different energies (7]. The crystal field splitting of the Er3+ ion 
energy state allows this optical transition. The position of the luminescence peak is 
independent of temperature due to the shielding of the incomplete 4f shell from the 
surrounding medium by the filled 5s and 5p outer electronic shell. 
Full identification ofthe additional two peaks at 1285nm and 1333.75nm at low 
temperatures (Figure 5.10 and 5.23) has not been made. But the energy spectrum and 
dose reference data suggest that these are related to the implant damage. As the 
temperature increases, these peaks start to decrease and completely disappear at 
temperature above 240K in all samples in both PL and EL measurements. Wai Lek Ng 
[8] has obsetVed similar peaks in the EL spectrum at 120K from Si:Er LED made by 
laser ablation, but offered no explanation. These two peaks do not fall in the category of 
defect related luminescence (D1-D4 lines) described in literature [9]. A fuller 
investigation is required to understand the exact origin of these two peaks. 
6.3 .2 Thermal quenching 
The greatest shortcoming in obtaining an efficient Si:Er LED system has been 
the strong thermal quenching at room temperature. The lowest reported value of the 
quenching ratio is about 2.5 in Si:Er LED made by laser ablation [8] and even 
sometimes greater than three order of magnitude [10] as temperature goes from 80K to 
300K. Significant improvement of this thermal effect has been observed in our results. 
The average quenching ratio varies in the range of 1.3 - 3.90. Indeed some samples 
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show virtually no temperature quenching up to 300K. Whilst this low thermal quenching 
has not been previously seen in c-Si, it has been observed in Er doped porous Si [II], 
amorphous Si [12-13] and SIPOS [14]. Several groups explained thermal effects in 
different ways according to their experimental findings. But the exact mechanism for Er 
PL and EL quenching at higher temperature is still unclear. 
We know that an electron trapped at an erbium related level recombines with a 
hole before being thermalized and this recombination energy excites the corresponding 
erbium atom at low temperature. But at higher temperature, the electron emission rate 
increases exponentially in comparison to the recombination rate. So electron emission 
from the erbium level is higher than that of recombination with holes. As a result, an 
electron trapped at an erbium level thermalizes to the conduction band before being 
recombined. Since the electron thermalization occurs before the energy transfer takes 
place, the effective excitation through this erbium level reduces, resulting in temperature 
quenching. Moreover, due to decrease in carrier lifetime at higher temperature, not 
every recombination of e-h pair is useful for exciting the Er atoms. Energy released by 
e-h pair recombination at sites where the Er atom is still in the excited state would 
naturally be the wasted in terms ofEr luminescence [15]. This fraction of recombination 
energy is likely to be a significant factor in determining Er luminescence at higher 
temperature. 
Energy back transfer [16] and impurity auger processes [17] have also been 
proposed as a reason for thermal quenching at higher temperature. In energy back 
transfer process, relaxation energy of an excited Er atom is used to promote an electron 
from the Si valence band to an Er related level without giving any photon. On the other 
hand, in the impurity auger process, energy released from an Er atom is transferred 
either to a bound or free carrier. As a result, no emission is seen at higher temperatures. 
These non-radiative processes decrease the luminescence lifetime as well as the 
intensity at increased temperature. It has also been believed that the quenching process 
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involves some trap center [18]. At elevated temperature, this center becomes ionized and 
Er can recombine non-radiatively due to auger type energy transfer to these thermally 
released carriers. 
6.3.3 Improvement in thermal quenching 
Thermal quenching is greatly improved in dislocation engineered Si:Er system. 
In bulk Si, non-radiative recombination is more effective than radiative ones due to 
diffusion of carriers to point defects and the Si surface. Despite the low defect 
concentration in good quality Si this non- radiative route is always completely 
dominant. Introduction of controlled dislocation loops, placed in a plane parallel and just 
beyond the depletion region, forms a blocking potential barrier for carrier diffusion into 
the bulk and to the Si surface. A local strain field around this dislocation loop modifies 
the Si band structure significantly and provides enhanced radiative emission due to 
confinement of the charge carriers even at higher temperature. Non-radiative 
recombination of the charge carriers after the back emission from the Er related level to 
the Si band edge is also responsible for the thermal quenching in Si:Er system at higher 
temperature. Due to the presence of the dislocation barrier between the radiative centers 
and the bulk and the surface non-radiative regions, the Er trap level recaptures the 
blocked carriers thus enhancing the radiative route and reducing significantly the 
thermal quenching ofEL and PL. 
Figure 6.1 shows PL spectra at 300K of Er implanted Si sample. Sample 
implanted with Er only shows very weak Si band edge emission without Er signal at 
1.54f.tm. On the other hand, dislocation engineered (using B implantation followed by 
annealing) Er doped Si sample shows a broad Er peak at around 1. 54f.tm with long tail at 
the both ends of the wavelength. In addition to this, a strong Si band edge emission has 
also been observed in PL spectra at room temperature. The enhancement of both PL and 
EL has been reported in the literature by using impurities like 0, N, C, F [19-24]. 
Among these reported impurities, C co-implanted samples gave good PL results due to 
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C's ability to reduce secondary defects during annealing. This enhancement of the 
intensity using impurities has been attributed either to the formation of Er-impurity 
complexes [22] which acts as luminescence centers for 4113n - 411512 transition in the 4f 
shell ofEr3+ ion, or change in the local surroundings [19], or enhanced excitation process 
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Figure 6.1 PL spectra of Si:Er sample at 300K. (a) dislocation engineered Si:Er 
structure fabricated by B and Er implantation. B was implanted first at a dose of 
1x1015B/cm2 at 30keV and annealed at 9500C for 20 minutes. Er was implanted at a 
dose of 2x1013Er/cm2 at 400keV followed by another annealing at 950°C for 1 
minute. (b) only Er implanted Si:Er sample. Er dose, energy and post implantation 
annealing condition is the same as in (a) 
or weakening of the competing non-radiative processes [23] . It has also been reported 
that the enhancement of both PL and EL intensity in the presence of impurities at higher 
temperature is due to the shielding of Er ions from the rest of the Si lattice [24]. This 
shielding increases the availability of the radiative paths for relaxation of the excited Er 
4f- shell electron. Enhancement of PL and EL is only expected when Er and other 
dopant atoms implantation profile are comparable with each other [19]. But the strong 
room temperature Er emission along with Si band edge emission has not been reported 
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before. The enhancement of both PL and EL in dislocation engineered Si:Er samples is 
due to the presence of the potential barrier of dislocation loops. The said potential 
barrier keeps back emission of carriers in the region of Er related trap level and helps to 
recapture them resulting in enhanced PL and EL intensity at higher temperatures. 
6.3.4 Implantation sequence effect 
In samples of Set I, B implantation was done before Er implantation in order to 
introduce dislocation loops. On the other hand, B was implanted after Er implantation in 
samples of Set ll in order to see the effect of this implantation process on Er 
luminescence. Annealing temperature, time and ambient are otherwise the same for both 
sets of samples. 
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Figure 6.2 Er integrated EL intensity of a sample implanted with Er dose of 
5xl012Er/cm2 of Set I and Set IT as a function of temperature. In samples of Set I, B 
was implanted first while Er was implanted first in samples of Set IT. After B and 
Er implantation, sample was annealed at 950°C for 20 minutes and 1 minute 
respectively. 
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Figures 6.2 - 6.3 show that samples of Set ll gives better EL (and also PL not 
shown) results at higher temperatures. Though the integrated and peak PL and EL 
intensity (total, Si and Er) is smaller in samples of Set IT as compared to the samples of 
Set I, temperature quenching is significantly improved in samples of Set IT. 
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Figure 6.3 Er integrated EL intensity of samples implanted with Er dose of 
lxl013Er/cm2 of Set I and Set II as a function oftemperature. In samples of Set I, B 
was implanted first while Er was implanted in samples of Set II. After B and Er 
implantation, sample was annealed at 950°C for 20 minutes and 1 minute 
respectively. 
We know that B implantation is a means to introduce dislocation loops in the 
depletion region for spatial confinement of the charge carriers. Er implantation after B 
might reduce the dislocation loop density due to the damage produced by the Er 
implantation [25]. This may lead to reduction in carrier confinement thus increasing the 
temperature effect in samples of Set I. B implantation followed by Er implantation has 
not been reported before. The reported results, which have been found in the literature 
so far, are from samples implanted withEr followed by impurity implantation. So we 
have showed the effect of the implantation process on Er luminescence. 
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6.3 .5 Annealing time and temperature effect 
It has been mentioned again that samples of Set ll have been first implanted with 
Er followed by annealing at 950°C for 1 minute. B implantation has been done on Er 
implanted samples followed by annealing at 950°C for another 20 minutes. In samples 
of Set m, after B implantation samples are annealed at 950°C for 1 minute. Implantation 
conditions remain the same for both sets of samples. We have seen that annealing at 
lower temperature and shorter period gives significant enhancement of both PL and EL 
(Figures 5.42, 5.43 and 6.4) results at all temperatures investigated. 
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Figure 6.4 Er integrated EL intensity of sample implanted with Er dose of 
2x1013Er/cm2 of Set II and Set III as a function of temperature. Sample of Set II 
was first implanted with Er followed by annealing at 950°C for 1 minute and then 
B was implanted followed by annealing at 950°C for another 20 minutes. In Set III, 
annealing was done for 1 minute after B implantation. 
This can be explained in the following way. Post implantation annealing is 
usually done to reduce the implantation damage as much as possible and to activate the 
dopant atoms electrically and optically by moving them from the interstitial sites to 
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substitutional sites using thennal energy. Annealing ti1ne and temperature play an 
important role for the fonnation and size of dislocation loops. Annealing at higher 
ten1peratm·e and longer thne reduces the nun1ber of dislocation loop and at the saJne 
tin1e increase its size. The reduction of nutnber of dislocation loops and the incretnent of 
their size n1ay affect the carrier confinen1ent. As a result, drop of both PL and EL has 
been observed at high tetnperature and longer tin1e atmealing. Both cross-sectional and 
plan view TEM itnages (Figure 5.8 and 5.9) also show bigger size and reduced number 
of dislocation loops in satnples annealed at higher ten1perature and longer titne. 
Annealing at high ten1peratm·e and for a longer period also n1ight affect the 
number of active Er atmns. Annealing at high ten1perature and longer period may reduce 
the nmnber of optically active Er centers thus reducing the excitation efficiency. Post 
itnplantation annealing in the tetnperature range of 400°C - 11 00°C has been found in 
the literature. But annealing at 900°C for 30 tninutes has been shown to be the n1ost 
suitable annealing ten1peratm·e for the Si:Er system [19] itnplanted at high energies(in 
MeV). Annealing at lower tetnperature can not recover the crystalline quality of Si frmn 
implantation damages and tnost of the Er retnains in the tnetallic fonn thus the non-
radiative reco1nbination hinders Er lun1inescence. As the annealing temperature 
increases, the datnage density reduces and Er- impm·ity cotnplexes, which are optically 
active, form up to 900°C. Annealing at tetnperatures above 900°C reduces the nutnber 
of optically active Er centers due to dissociation of these impurity complexes containing 
Er thus reducing the lun1inescence intensity [26]. But for low energy itnplanted san1ples 
( 400ke V), the optitnun1 annealing tetnperature has been shown to be ｾＸＰＰﾰｃＮ＠ This low 
opti1num annealing ten1perature at low energy itnplantation might be due to the different 
defect profile as cotnpared to high energy in1planted satnples [27]. S. W. Roberts and G. 
1. Parker [28] have shown that annealing at 600°C for 30 tninute gives the highest 
intensity fi·on1 the Er:SiO systen1. They believed that most of the deposited Er remains 
in tnetallic form and optically inactive at low annealing temperature. On the other hand, 
high temperature (>600°C) annealing of the SiO filn1 causes structural changes due to 
fonnation of Si nano grains surrounded by shells of Si02. This transition leads to the 
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formation of Er precipitates within the Si nano grains thus reducing Er luminescence. 
Annealing at 450°C has also been found to suit the strongest lun1inescence by W. L. Ng 
et. al [29] in laser ablated Si:Er(O) satnples. Annealing at te1nperature above 450°C 
might cause oxygen out diffusion or Er precipitates formation. The reduction of PL at 
higher annealing tetnperature has also been attributed to the less efficient absorption of 
ptnnp light due to recrystalization offihns and hence lower Er excitation efficiency [14]. 
6.3.6 Implantation dose effect 
Figure 5.25 shows that Er etnission intensity increases gradually with increasing 
Er dose up to 5x1013Er/ctn2 and then starts to decrease with increasing Er dose. At lower 
Er ilnplantation dose, the nmnber of excitable and optically active Er centers is not high 
enough to give optilnum intensity. This nmnber is likely to reach an optilnun1 value at 
an Er dose of Sxi013Er/cn12 • At higher Er dose, non-radiative rec01nbination due to the 
presence of defects may be the cause for lower Er emission. Moreover, the asyn11netric 
broadening of the Er EL peak towards the lower wavelengths is an indication of the 
presence of defect related centers at both lower and higher Er dose. Tang et. al. [30] 
reported the san1e observation of decreasing trend of Er etnission at higher Er dose in Er 
in1planted Si smnples implanted in the range of I xi 0 13Er/cn12 ｾ＠ 5xi 014Er/cm2 and 
attributed this effect to increase in ion beam induced non-radiative defects. 
6.3.7 hnplantation energy effect 
The san1ple implanted at 300keV gives good EL results (Figures 5.30, 5.34 and 
5.38) in terms of total, Si and Er integrated intensity while good PL results (Figure 5.14, 
5.16 and 5.18) have been observed in the sample implanted at 400keV. The smnple 
itnplanted at high energy (l.OMeV) did not give significant EL and PL results. TEM 
pictures (Figure 5.4) show that the position of dislocation loops is sha11ower in satnples 
implanted at low energy as con1pared to the high energy i1nplantation where very few 
dislocation loops have been observed in the B distribution range. TEM results also 
reveal Er precipitate fonnation at the end of range defect in satnples implanted at high 
energies. At low energy implanted samples, datnage introduced by ion itnplantation is 
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more or less recovered by the high temperature annealing and this annealing introduces 
controlled dislocation loops just near to the Si surface. The potential barrier of the 
dislocation loops reduces or suppresses the diffusion of carriers to non-radiative 
recombination routes and enhances effective radiative routes resulting in higher Er EL 
emission. On the other hand, Er implantation at high energy moves the dislocation loops 
at the B distribution range to deeper below the Si surface. As a result, the spatial 
confinement of charge carriers is lost. Most of the charge carriers can now diffuse into 
the bulk or to the surface and recombine non-radiatively at high temperatures. The 
variation of luminescence intensity with implant energy depends on distance between 
dislocation loops and the Si surface. When the position of the dislocation loops is 
deeper, a greater volume of non-spatially confined Si absorbs incoming photons before 
reaching the loops resulting in reduced Er emission [25]. 
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Figure 6.5 PL and EL spectra of sample implanted withEr of dose 2x l013Er/cm? 
at 300K. The sample was first implanted with B followed by annealing at 950°C 
for 20 minutes and then Er was implanted followed by annealing at 950°C for 
another 1 minute. An Ar pump laser operating at 514nm with laser power of 
150mW was used to excite the carriers. In EL measurement, the device was tested 
with a forward current of20mA. 
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In all samples of Set I, ll and lli, EL intensity is 20-30 times higher than PL 
intensity through out the temperature range investigated (Figure 6.5). In EL 
measurements, carriers are injected directly into the active region of interest Subsequent 
carrier confinement by the potential barrier of dislocation loops thus gives more light in 
EL measurements. 
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Figure 6.6 Er Integrated PL intensity of Si:Er sample as a function of temperature. 
0 Si:Er stands for a dislocation engineered Si:Er structure while 0 Si:Er is only Er 
implanted Si:Er sample. B was implanted first at a dose of lxl015B/cm2 at 30keV 
and annealed at 950°C for 20 minutes. Then Er was implanted at a dose of 
2xl013Er/cm2 at 400keV followed by another annealing at 950°C for 1 minute. 
Dislocation engineered Si:Er samples gives improved Er and Si integrated 
intensity as compared to the Er implanted c-Si samples (Figures 6.6 and Figure 6.7). 
This is due to the presence of potential barrier of the dislocation loops. The potential 
barrier prevents the charge carriers diffusing to the surface or recombining via non 
radiative routes thus enhancing PL and EL emission. 
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Figure 6.7 Si Integrated PL intensity of Si:Er sample as a function of temperature. 
DSi:Er stands for a dislocation engineered Si:Er structure while 0 Si:Er is only Er 
implanted Si:Er sample. B was implanted first at a dose of lxl015B/cm2 at 30keV 
and annealed at 950°C for 20 minutes. Then Er was implanted at a dose of 
2xl0 13Er/cm2 at 400keV followed by annealing at 950°C for another 1 minute. 
The reason behind the improvement of Si and Er emission due to presence of 
dislocation loops can be explained graphically in the following way. Figure 6.8 shows 
the energy band diagram and various radiative and non-radiative recombination routes 
of (a) c-Si:Er and (b) dislocation engineered Si:Er samples. We know that pure c-Si is a 
poor light emitter due to faster non-radiative transition mechanisms such as surface 
recombination, recombination at defects dominates over the slower radiative paths 
because of its indirect band structure. As a result we obtain a very weak Si band edge 
emission in c-Si. In a c-Si:Er system, the recombination energy of injected carriers ( e-h 
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pairs) at an Er related level excites the corresponding Er atom to its first higher energy 
state. The radiative relaxation of the excited Er gives Er emission. But the radiative 
relaxation of Er is efficient at low temperature. At higher temperatures, the electrons are 
back emitted from the Er related level. These back emitted electrons either diffuse to the 
bulk or recombine non-radiatively or recombine at the surface. As a result we get very 
weak emission both from Si and Er. 
Injected Carriers 
(a) c-Si:Er 
Surface 
(b) dislocation engineered Si:Er 
Figure 6.8 Energy band diagram and various radiative and non-radiative 
recombination routes of (a) c-Si:Er and (b) dislocation engineered Si:Er samples. 
BE, NR, and SR stand for back emission, non-radiative recombination and surface 
recombination respectively. 
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In dislocation engineered Si:Er samples, the presence of dislocation loops 
provides a potential barrier for the charge carriers. At low temperatures, some of the 
injected carriers recombine radiatively giving Si band edge emission. Some of them are 
captured by Er related level. Recombination of these carriers excites corresponding Er 
and the radiative relaxation of Er gives emission at low temperatures. At higher 
temperatures, these charge carriers are back emitted from the Er related level. But in this 
case, the charge carriers can not diffuse to the bulk because of the presence of potential 
barrier due to dislocation loops. Some of the blocked carriers are then again 
recombining radiatively giving higher Si band edge emission and some of them are 
recaptured by the Er related level. These recaptured carriers excite Er resulting m 
enhanced Er emission at higher temperatures. 
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Figure 6.9 Integrated EL intensity of sample implanted withEr of dose 5x1012 /cm2 
at 400keV (Set III). Er was frrst implanted at a dose of 2x1013Er/cm2 at 400keV 
followed by annealing at 950°C for 1 minute. Then B implantation was carried out 
on to Er implanted wafer at a dose of 1x 1015B/cm2 at 30keV and annealed at 950°C 
for 1 minute. 
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Figure 6.10 (a) Integrated PL intensity of sample implanted with Er dose of 
5x l012/cm2 at 400keV. (b) Integrated EL intensity of sample implanted at 300keV 
with Er of dose 5x l013/cm2. B was first implanted at a dose of lx l015B/cm2 at 
30keV followed by annealing at 950°C for 20 minutes. Then Er implantation was 
carried out on to B implanted wafer and annealed at 950°C for 1 minute. 
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Figure 6.11 Integrated PL intensity of sample implanted at 400keV withEr dose of 
5xl013/cm2• B was first implanted at a dose of lxl015B/cm2 at 30keV followed by 
annealing at 950°C for 20 minutes. Then Er implantation was carried out on to B 
implanted wafer and annealed at 950°C for 1 minute. 
In summary we can say from the above results (Chapter Five) and discussion 
that the best EL (Fig 6.9) has been found in the sample implanted with the lowest Er 
dose implanted before B implantation and annealed at 950°C for 1 minute after B 
implantation. On the other hand, the best PL (Fig 6.10(a)) is obtained also from the 
sample implanted at the lowest Er dose but Er implantation was done after B 
implantation in this sample. Dependence on implantation energy, it is shown that the 
sample implanted at the lowest energy gives the best EL (Fig 6.1 O(b )) result while the 
best PL (Fig 6.11)has been observed in the sample implanted at 400keV. In both PL 
and EL results, room temperature Er integrated intensity is higher than that at 80K. We 
believe that the potential barrier due to presence of dislocation loops helps to prevent 
back emission of charge carrier from Er related trap level within the Si band gap thus 
enhancing Er emission. 
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CONCLUSION 
7.1 Conclusion 
TEM analyses on structural properties and PL and EL measurements of Si:Er 
have been performed on four batches of samples co-implanted withEr and B at different 
energies, different doses and different conditions. EL and PL spectra have been shown 
in the temperature range from 80K to room temperature. Samples implanted at higher 
implantation energy does not show room temperature ELand PL. Comparative results 
of EL and PL of all these samples at different temperatures have been given and 
comments have been made on these differences. 
On the TEM analyses, end of range defects like dislocation loops and rod like 
defects have been observed in all samples. The sample, which has been implanted with 
erbium at relatively higher dose and energy, did not show PL and EL at higher 
temperature range. Micro twin defects (not shown) have been observed in the sample 
implanted with a dose of 2xl 015Er/cm2 at an energy of l.OMeV. The implantation 
caused amorphization of the surface and heat treatment at higher temperature did not 
recover the crystalline quality from the implantation damage. Erbium precipitates have 
also been found near the crystalline/amorphous interface in samples implanted with 
higher Er dose and energy. 
For both the PL and EL spectra, five clearly distinguishable peaks have been 
found at around 1285nm, 1130nm, 1303nm, 1550nm and 1557nm. The first peak 
corresponding to the Si band edge emission due to spatial confinement of charge 
carriers while the other two peaks have been due to the Er3+ emission due to its intra 4f 
transition from the first excited state to the ground state. The reason for peaks at 
1285nm and 1303nm has not been fully attributed. The variation ofPL and EL signals 
with temperature is very similar to the results reported in the literature. But 
improvement in temperature quenching for both EL and PL have been attained in our 
samples. 
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Therefore, we can conclude that dislocation engineering with incorporated 
optically active centers such as Er seems to be a promising approach towards the 
dream for the fabrication of silicon based optoelectronics devices. 
7.2 Recommendations for future work 
In order to improve the room temperature Er luminescence practicable for the 
device application, the following work could be performed on Si:Er sample: -
(1) Annealing could be performed on the samples (like Set C) for different 
time and temperature at different ambient condition in order to see the effects on 
luminescence; 
(2) Different material other than B could be used to introduce dislocation 
loops which might enhance Er luminescence at room temperature; 
(3) More TEM analyses could be done in order to investigate any structural 
changes and defects due to implantation of erbium with other materials like 
oxygen, carbon, nitrogen etc as codopants. Annealing time and temperature 
effects on these changes could also be investigated; 
(4) Substrate temperature during implantation could be varied to see the 
effect on PL and EL performance of Si:Er samples; 
( 5) Further engineering of devices could reduce the defect related intensity at 
lower temperature thus enhancing room temperature luminescence. 
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